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ABSTRACT: The evaporation of liquid solution droplets and solute
crystallization can be highly complex and is an important problem,
particularly in spray drying where powdered products are produced
from sprayed liquid droplets, such as in the food or pharmaceutical
industries. In this work, we study the relationship between the
evaporation rates of single levitated NaNO3 droplets under varying
environmental conditions and the propensity for nucleation of NaNO3
crystals. We use a combination of an electrodynamic balance to study
single-droplet evaporation kinetics, SEM imaging of dried particles,
and modeling of the internal solute distribution inside a drying
droplet. We show that the aqueous NaNO3 droplets exhibit broad
distributions in the time that crystal nucleation is observed, droplet to
droplet. The distribution of nucleation time is dependent upon environmental conditions such as the drying temperature, relative
humidity (RH), and solute concentration. Even when evaporating in 0% RH, some droplets do not nucleate crystals in the time
taken for all water to evaporate and dry to form an amorphous particle. We believe that this interplay between crystalline or
amorphous particle formation is a result of the viscosity of aqueous NaNO3 solutions, which rises by several orders of magnitude as
the concentration increases. We show that for droplets with an initial radius of ∼25 μm the propensity for aqueous NaNO3 droplets
to nucleate crystals upon drying increases with a decreasing RH and increases with an increasing temperature in the range 278−306
K. This work demonstrates the importance of the drying kinetics on the propensity of evaporating droplets to nucleate crystals.
ﬂows.16,17 Hence, single particle techniques are valuable for
studying crystallization behavior of formulations in a controlled
fashion.18 For spray drying applications, understanding the
propensity for a drying aerosol droplet to crystallize under
diﬀerent conditions is important. In the broader sense, an
aerosol droplet of pure components, in the absence of any
surface able to induce heterogeneous nucleation, can facilitate
study of the homogeneous nucleation process. Homogeneous
nucleation of crystals out of a solution typically only occurs at a
high degree of supersaturation, which is not accessible in the
bulk phase. Thus, aerosol studies on homogeneous nucleation
are important for validating theories of nucleation.19,20
Classical nucleation theory (CNT) is commonly used to
understand nucleation of crystals out of solution. Crystal
nucleation is governed by the change in Gibbs free energy
(ΔG) between solution and crystal phase. In CNT we express
ΔGcryst as the competition between the free energy loss of

I. INTRODUCTION
The formation of solid particles from evaporating liquid
droplets is an important process across a broad range of
industries and application areas. The design and fabrication of
particles by using spray drying has attracted much attention in
recent years with a goal to improve the reproducibility and
uniformity of the particles formed and the range of situations
in which it can be applied. Particle size, morphology, size
distribution, and degree of crystallinity have been shown to be
aﬀected by changes to the droplet processing conditions such
as solvent,1,2 temperature,3−5 starting pH,6,7 and inert additives
to the feed solution.8−10
Particles of amorphous material, rather than crystalline, are
often desirable in drug delivery applications because of their
solubility and the bioavailability of active ingredients.11,12 In
contrast, crystalline products may be more appropriate for
some applications as they often oﬀer a higher degree of
stability in long-term storage with particles stable to phase
changes.13−15 Whichever phase is more desirable for the
application, the ability to predict and control the presence of
amorphous or crystalline content in a product is highly
beneﬁcial.
In an industrial spray drier it can be diﬃcult to observe
crystallization directly due to the speed of the process, the vast
quantity of droplets present, and the highly dynamic circulating
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suggesting interesting nucleation behavior. In addition, the
bulk solubility limit of NaNO3 shows a strong dependence
upon the temperature.30 Eﬄorescence has been observed over
a range of published studies to occur at RHs in the range
0.05%−40%. Ghorai and Tavanski31 reported the RH at which
NaNO3 crystallized as 35% measured using X-ray spectromicroscopy. Tang and Munkelwitz32 levitated NaNO3 droplets in
an electrodynamic balance and evaporated them into a range of
RHs and observed eﬄorescence in individual droplets between
0.05% and 30% RH. Lee et al.33 supported micrometer-sized
NaNO3 droplets on a TEM grid and studied their propensity
to crystallize. They reported diﬀerent types of droplets, each of
which had diﬀerent eﬄorescence and deliquescence RHs
(between 18−45% and 73−75%, respectively), with some
droplets not appearing to undergo either process. Likewise, in
optical tweezers, NaNO3 droplets have been evaporated slowly
to as low as 10% RH without crystallization occurring, showing
that a liquid droplet at such high levels of solute supersaturation can still remain in equilibrium with the gas-phase
RH.27
In this work, our goal is to highlight the variability in
nucleation behavior in large populations of individual aerosol
droplets, which exhibit stochastic behavior. We will demonstrate that the nucleation of NaNO3 cannot be described by an
ERH and by a thermodynamic critical supersaturation. By
observing distributions of nucleation events across many
diﬀerent drying conditions, we show that the drying kinetics
lead to diﬀerent outcomes in the competition between
crystalline and amorphous particle formation, which explains
the inconsistency in the reported ERH in the above studies. A
combination of EDB measurements, SEM imaging of dried
particles, and a numerical model is used. In section II, we
describe the experimental techniques for isolating single
aerosol solution droplets and determining the particle size
and phase state throughout drying. In section III we show
results of the evaporation and nucleation kinetics of NaNO3
solution droplets under diﬀerent environmental conditions,
such as under varying RHs and temperatures. We use an
accompanying model to study the evolving concentration
proﬁles inside an evaporating NaNO3 droplet to explain the
observed nucleation kinetics.

forming a cluster of solute and the free energy gain caused by
the creation of a phase boundary between the cluster and the
solution:20−22
ΔGcryst(n) = −n|Δμ| + γA
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(1)

where n is the number of solute molecules in a cluster, Δμ is
the chemical potential change, per molecule, between solution
and crystal, and γ is the surface tension between a cluster and
the surrounding solution. A is related to the dimensions of the
cluster and is proportional to n2/3, so the function in eq 1 goes
through a maximum, ΔGcryst* at a critical cluster size n*, after
which ΔGcryst decreases monotonically with n leading to
spontaneous crystal growth.
The nucleation rate of crystals out of solution per unit
volume per unit time, J, is typically expressed in the form of an
Arrhenius equation:
ÅÄÅ
ÑÉ
Å −ΔG* ÑÑÑ
ÑÑ
J = K expÅÅÅÅ
ÅÅÇ kBT ÑÑÑÖ
(2)
where K is the pre-exponential factor taking kinetic
considerations into account such as diﬀusive transport, kB is
the Boltzmann constant, and T is the equilibrium temperature.
While classical nucleation theory has been shown to be
useful in interpreting nucleation data,23 there are many
underlying assumptions to simplify the theory that are unlikely
to hold. CNT assumes that the crystal nucleus has identical
macroscopic properties to the equilibrium crystalline phase,
such as density, surface free energy, and structure, as well as
the assumption that the interface between the nucleus and
surrounding solution is a sharp, spherical boundary. In
addition, CNT often fails to explain the apparent absence of
a nucleation barrier at very high supersaturations,24 with such
concentrations being prevalent in the aerosol phase.
Nucleation of crystals out of solution in an aerosol droplet is
often described in terms of an absolute “eﬄorescence RH”
(ERH). If a liquid aerosol particle is dried into an environment
of continuously decreasing RH, it will continue to lose water
and will enter a regime of solute supersaturation. The ERH is
the lowest RH at which the droplet can remain as a
supersaturated liquid before crystallizing into a microparticle.
If the same microparticle is then exposed to an increasing
humidity, it will take up water and dissolve into an aqueous
solution droplet only at a certain RH known as the
deliquescence RH (DRH). This eﬄorescence−deliquescence
cycle is characteristic to inorganic aerosol droplets.25 Typically,
if an inorganic aqueous-solution droplet is dried into a lower
RH than the ERH, then crystallization will be observed. This
has been shown to be reproducible across large populations of
NaCl aerosol droplets, with a very narrow distribution in the
time at which crystallization is observed to occur as droplets
are dried.26 Thus, crystal nucleation in inorganic aerosol
droplets is often assumed to be a spontaneous process. Few
experimental techniques currently exist for studying the
kinetics of nucleation in situ in aerosol droplets,27 and as
such, crystallization of aerosol is typically only described in
terms of an ERH.
In this study, we investigate the nucleation propensity upon
evaporation of aqueous sodium nitrate droplets. Sodium
nitrate was chosen as a system to study because the
hygroscopicity has been well-deﬁned by previous experiments
as well as models,28,29 making its concentration at varying RHs
well characterized, but it does not exhibit a well-deﬁned ERH,

II. EXPERIMENTAL TECHNIQUES AND MODELING
II.a. Electrodynamic Balance. The evaporation kinetics of
NaNO3 droplets are measured by using the comparative
kinetics electrodynamic balance (CK-EDB). In all experiments,
HPLC grade water, analytical grade NaNO3 (Fisher-Scientiﬁc),
and BioXtra ≥99.5% NaCl (Sigma-Aldrich) were used. The
EDB instrument has been discussed in a previous publication34
and so will only be brieﬂy outlined here. A single droplet of
known composition is produced by using a droplet-on-demand
generator (MicroFab) and injected into the CK-EDB instrument. The initial droplet size is typically ∼25 ± 0.08 μm. The
droplet is charged on generation (∼fC, e.g., from an ion
imbalance) by an induction electrode. An AC voltage is applied
to a pair of upper and lower concentric cylindrical electrodes,
mounted vertically opposite one another, such that the charged
droplet becomes trapped in the electrodynamic ﬁeld at the
center of the instrument. An additional DC voltage is applied
to the bottom electrode only to counteract the gravitational
force acting on the droplet. The temperature in the trapping
chamber is controllable within the range 273−323 K by a
circulating ﬂow of ethylene glycol coolant that passes across
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droplets was previously used to study the nucleation in
aqueous NaCl droplets.26,36 An example of the light scattering
from a homogeneous droplet or a crystalline droplet is shown
in Figure S1 of the Supporting Information. If crystals nucleate,
they must grow to a minimum size to be detectable by the light
scattering, which is ∼0.05% the volume of the droplet. The
induction time is deﬁned as the time period from the moment
a solution becomes supersaturated until the instant that
crystals are detected.37 For the droplets in the EDB, the time
scale for the growth period of a crystal nucleus before it is
detected is assumed to be small and thus a negligible
contribution to the induction time.
In this work, droplets of aqueous NaNO3 were evaporated
within the EDB, and the kinetics of evaporation and the
propensity to crystallize were measured across a range of RHs,
temperatures, and initial feed concentrations.
II.c. Collection of Dried Particles and Imaging. To
investigate the morphology of dried NaNO3 particles, a falling
droplet column instrument was used because dried particles
cannot be collected from the EDB instrument. In parallel
measurements under analogous drying conditions to those
used in the EDB, droplets of NaNO3 are dried in the column,
and the dried particles collected on a glass slide as the
substrate. NaNO3 droplets of ∼25 μm in radius are produced
at a rate of 10 Hz by using the same dispensers as in the CKEDB measurements (MicroFab) and are directed in a falling
chain of droplets down a vertically mounted glass column of 50
cm in length. The RH in the column is maintained at 0% by
ﬂowing dry N2 gas down through the column, and the
temperature is maintained at 20 °C by using a heating wire
wrapped around the column with a calibrated temperature
probe. A vertically propagated laser (λ = 532 nm) is aligned
directly up the column to image the falling chain of droplets
and to ensure that there is suﬃcient fall time for the liquid
droplets to dry into solid particles. The dried particles collected
on a glass substrate are imaged by using a scanning electron
microscope (Jeol IT300 SEM). A silver coating of ∼15 nm is
applied to the particles and substrate, prior to imaging (sputter
coater, Agar Scientiﬁc). The SEM imaging settings are a 15
mm working distance, 15.0 kV acceleration voltage, and a
magniﬁcation of 100×−2000×. A schematic image of the
falling droplet column instrument can be found in the
Supporting Information (Figure S2).
II.d. Modeling of Internal Concentration Proﬁles. The
concentration of solute at diﬀerent radial points within an
evaporating aqueous NaNO3 droplet is calculated by using a
numerical model, outlined in detail in previous publications.26,38 We consider the droplet as a series of concentric
radial shells (of width ∼20 nm) with a moving boundary. The
evaporation rate, which controls the rate of surface recession,
assumes quasi-static vaporization:

the electrodes and measured with a thermocouple (National
Instruments) The RH in the CK-EDB can be controlled by
adjusting the ratio between dry and wet nitrogen in a gas ﬂow
(RH range 0−100%) that is applied across the droplet at a rate
of 0.03 m s−1. The instrument has two gas ﬂows with the
independent control of RH of each: one ﬂowing upward
through the lower electrode (lower ﬂow) and one ﬂowing
downward through the upper electrode (upper ﬂow). By use of
mass-ﬂow controllers (MKS), a rapid switch (within ∼0.1 s)
can be made between which gas ﬂow is the dominant one and
therefore the one experienced by the particles. The
approximate RH in the chamber is determined by using the
ratio of dry to wet nitrogen ﬂows set on the mass ﬂow
controllers, with an accuracy of ∼±2%. The wet and dry gas
ﬂows are mixed at 293 K, so all experiments wherein the RH is
varied are performed at 293 K. If the temperature is varied,
only the dry N2 gas ﬂow is used to maintain the RH at 0%.
II.b. Sizing the Droplet and Analysis of the Particle
Phase State. The trapped droplet in the EDB is illuminated
with a 532 nm continuous-wave laser (Laser Quantum, Ventus,
UK), and the scattering pattern produced by the droplet takes
the form of interference fringes (phase function). The phase
function (PF) is recorded by a CCD camera (CMOS,
Thorlabs) placed at 45° to the propagation direction of the
beam, with an angular collection range of ∼24°. The angular
separation between the interference fringes, Δθ, can be used to
calculate the droplet radius, r, by using the geometric optics
approximation to Mie theory:
ij
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(3)

where λ is the laser wavelength, θ is the central viewing angle,
and m is the refractive index of the droplet. This approximation
can determine the radius to an accuracy of ±100 nm.
The angular intensity proﬁle of the elastic light scattering
can be used to infer the trapped particle structure by using the
algorithm outlined in Haddrell et al.35 The structure can be
continuously monitored throughout the evaporation process,
with four distinct morphologies identiﬁable: homogeneous and
spherical (i.e., a liquid aerosol droplet); nonspherical and
inhomogeneous (e.g., like a crystalline salt particle); a core−
shell particle (i.e., phase-separated surface shell and inner
core); and a droplet containing inclusions. In the latter case,
the droplet shape is overall spherical, but there are internal
areas of inhomogeneity (i.e., inclusions) that disrupt the light
scattering. The algorithm ﬁts functions to the light scattering
phase function and, in a droplet on the order of 20 μm, can
reproducibly detect internal inclusions that are of radius >40
nm down to a percent volume of inclusions of 0.05%.35 For
inclusions of 40 nm, 0.05 vol % corresponds to a quantity of
62500 detectable inclusions in a 20 μm droplet.
When the droplet is ﬁrst produced, it scatters the laser light
in the form of a regular phase function, such that an accurate
value of the radius can be calculated. If nucleation occurs in a
droplet, the scattering pattern will show crystallinity or
inclusions; hence, the radius can no longer be determined
accurately by the EDB instrument. This point in time is thus
recorded as the “nucleation time”, and the time sensitivity is
the minimum interval at which the EDB records the PF, which
is ∼0.01 s. This method to detect eﬄorescence in aerosol

dm
= 4πCρv DvR ln(1 + B)
dt

(4)

where ρv and Dv are the density and vapor diﬀusion coeﬃcient
of the vapor phase, respectively. R is the molar gas constant,
and B is the Spalding number,38,39 which relates to the
diﬀerence in solvent concentration at the surface and in the gas
phase. C is an empirical correction to give correct agreement
with the experimental mass ﬂux at short times. The ﬁt between
the modeled droplet radii and the experimental radii is
compared in Figure S3. The solute concentration proﬁle is
obtained by numerically integrating the diﬀusional mixing
6026
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Figure 1. (a) Time at which nucleation is observed for a population of 100+ NaNO3 droplets (20% w/w, starting radius ∼24 μm) as they evaporate
in the CK-EDB in 0% RH and 293 K, compared to a population 20% NaCl droplets evaporating under the same conditions. (b) Data in (a) plotted
as a percent of droplets that have not yet nucleated crystals as a function of time. The dotted lines show the radius evolution of the longest surviving
NaNO3 droplet and NaCl droplet in the data sets.

using ﬁnite diﬀerence methods via the standard diﬀusion
equation:
∂ρs
∂t

= ∇(Deff ∇ρs )

uncrystallized droplets. The shape of the decaying fraction
remaining suggests that the crystallization is stochastic in
nature. Owing to the very small initial droplet volume (∼60
pL) and the high purity of both the NaNO3 and water used,
the chance of contaminants being present and inducing
heterogeneous nucleation is low, and instead we assume all
nucleation events herein to be homogeneous. We will return to
a discussion of this assumption later.
The diﬀerences between the crystallization kinetics of a
population of aqueous NaCl and aqueous NaNO3 droplets are
clear. Highly reproducible eﬄorescence behavior is observed
for identical NaCl droplets generated in sequence, with
crystallization occurring abruptly when the concentration of
the solute at the surface of the droplets reaches a critical
supersaturation of 2.04.26 Figure 1b suggests a diﬀerent form
for the dependence of the nucleation rate of aqueous NaNO3
droplets on supersaturation than observed for NaCl: there is
no “critical supersaturation” which, when surpassed, leads to
immediate nucleation. Rather, the NaNO3 droplets enter a
“nucleation window”42 wherein there is opportunity for
nucleation and crystallization to occur but which shows
droplet-to-droplet variability.
For aqueous NaCl droplets evaporating in dry conditions,
we previously presented simulations of the evolving internal
concentration proﬁles and demonstrated that there is a high
degree of solute enrichment at the surface of the droplets; the
internal diﬀusional mixing cannot replenish the surface with
water at the same rate that is evaporates.26 Contrary to
observations for aqueous sodium chloride droplets,43 the
viscosity of NaNO3 has previously been shown to increase by
more than 3 orders of magnitude as the water content
decreases, up to the order of 1−10 Pa·s as it surpasses a mass
fraction of solute of 0.9 and higher.27 For aqueous NaNO3
droplets evaporating into dry conditions, the rapid evaporation
rate coupled with an increasing viscosity governed by the
composition at the surface could lead to an even greater degree
of solute enrichment than in the NaCl droplets. While a higher
solute concentration should lead to a higher propensity to
nucleate, the increase in viscosity with solute concentration
may reduce the rate of nucleation by slowing ion mobility and
the subsequent arrangement into a crystal nucleus.44 These
competing factors could lead to the shape of the decay curve in
Figure 1b. It should be noted that the time of the “corner” in
the blue curve of Figure 1b coincides approximately with the
time of the radius equilibration. As water is continuously lost
from the droplets throughout the initial evaporation, individual

(5)

where ρs is the concentration of solute and ∇ is the Laplace
operator. For internal mass ﬂux we assume Fick’s law for
diﬀusion which uses an eﬀective binary diﬀusion coeﬃcient,
Deff. Previous work using optical tweezers has determined the
viscosity, η, of aqueous NaNO3 solutions in the aerosol phase
down to very low water activity.27 Hence, Deff is calculated via
the Stokes−Einstein relation using a Stokes radius a:
Deff =

kBT
6πηa

(6)

To determine a, we calibrated diﬀusion measurements from a
molecular dynamics simulation39 against the experimental
viscosity data, which led to a value of a = 0.167 nm for NaNO3.
This is outlined in greater detail in our previous modeling
paper.38 The viscosity and diﬀusion coeﬃcients are shown in
Figure S4. The value of a used in the model lies between the
literature values of the Stokes radius for Na+ ions (0.184 nm)40
and for NO3− ions (0.129 nm).41 As a is closer to the literature
value of the Stokes radius of an Na+ ion, the modeled
concentration proﬁles in Figures 7−9 represent the concentration of Na+.

III. RESULTS
III.a. Comparison between NaNO3 and NaCl Crystallization Behavior. A series of droplets of aqueous NaNO3
(20% w/w) are evaporated in the CK-EDB in dry N2 at 293 K
and held in the trap for a 10 s time window. For a population
of 100+ droplets, the time at which nucleation is observed for
each droplet is shown in the histogram in Figure 1a, grouped in
0.05 s time intervals. The data for NaNO3 are compared with
our previously published data for the observed nucleation of
evaporating droplets containing aqueous NaCl (20% w/w).26
In contrast to the NaCl data, 2.5% of NaNO3 droplets do not
crystallize within the 10 s experimental window despite
appearing to lose all water and reach a constant size at 0%
RH. Indeed, the phase function (PF) maintains regularly
spaced fringes throughout the 10 s trapping period, implying
that the droplet is homogeneous and spherical throughout.
In Figure 1b, we report the time dependence in the fraction
of droplets still scattering light in a pattern consistent with a
homogeneous and spherical droplet, i.e., the “decay” of
6027
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Figure 2. Evaporation proﬁle of two individual aqueous droplets containing 20% (w/w) NaNO3, evaporating into dry N2 at 293 K. The insets show
the phase function of the light scattering at diﬀerent times. The particle phase identiﬁed from the light scattering is indicated by the color of the
points (blue = homogeneous and spherical, red = crystalline, and yellow = inclusions inside a spherical droplet). (a) A droplet that nucleates
“early”, at ∼2 s, and has a largely crystalline phase function. (b) A “late” nucleating droplet at 3.2 s with a phase function indicating inclusions.

Figure 3. SEM images of NaNO3 particles collected on a glass side which were produced by evaporating aqueous 20% (w/w) NaNO3 droplets in
dry N2 at 293 K in a falling droplet column. Storage conditions from the point of collection until the SEM imaging step were (a) in a 0% RH
desiccator, (b) a 7 h period stored at 60% RH before being stored in a 0% desiccator, and (c) a 2 h period stored at 90% RH before being stored in
a 0% desiccator. (d, e) SEM images of a NaCl particles from a sample collected from evaporating 20% (w/w) aqueous NaCl droplets in dry N2 at
318 K in a falling droplet column.

droplets within the population begin to nucleate crystals on a
regular, if not predictable, basis. However, if nucleation has not
yet occurred before the time that a droplet has almost lost all

water (∼2 s into evaporation), the viscosity becomes so high
that the chance of a droplet nucleating after this point drops
signiﬁcantly. The high viscosity leads to the ﬂattening out of
6028
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the number of uncrystallized droplets after ∼2 s. By contrast,
even when reaching high solute concentrations, the viscosity of
aqueous NaCl is never greater than 10−2 Pa·s.43 Hence, the
viscosity never impedes nucleation in evaporating aqueous
NaCl droplets, and the red line in Figure 1b can be seen to
drop to zero when all droplets nucleate at a similar time.
Viscosity has been suggested previously to be an important
factor in governing the phase behavior of NaNO3 in mixedcomponent aerosol: a previous FTIR study of the equilibrium
hygroscopic response has shown the presence of a viscous
organic solute such as sucrose in a sodium nitrate aerosol
droplet reduces the thermodynamic eﬄorescence RH.45
III.b. Phase Functions of Evaporating Aqueous
NaNO3 Droplets. If an evaporating droplet nucleates crystals,
the particle could show two diﬀerent types of PF. It could
show a crystalline morphology, where there are no regularly
spaced fringes from which the CK-EDB software can calculate
the radius from and typically the data after this point is noisy.
Such a PF generally suggests that the particle is nonhomogeneous or nonspherical. Alternatively, the PF could
show inclusions, wherein the particle is still relatively spherical
in shape, but there are regions of inhomogeneity inside that
disrupt the light scattering. There are still interference fringes,
but the variation in scattered intensity with angle no longer
smoothly decreases with increasing angle and instead shows a
rapidly ﬂuctuating intensity proﬁle.
The time-evolving radius proﬁle for an evaporating aqueous
NaNO3 droplet that nucleates at 2.09 s is shown in Figure 2a.
The inset shows the particle phase function at two deﬁned
times: one prior to crystal nucleation (t = 1 s) and one after
crystallization (t = 2.3 s). There is a clear diﬀerence in the
angularly dependent intensity proﬁles between the two phase
functions. By contrast, Figure 2b shows the time-evolving
proﬁle for an aqueous NaNO3 droplet that nucleates 3 s into
the evaporation process. Here the inset shows the PF at three
diﬀerent times. The PF for the droplet that nucleates early
(Figure 2a) goes straight from showing a homogeneous
spherical morphology (blue points) to a crystalline morphology (red points). However, in Figure 2b the PFs indicate the
particle is homogeneous and spherical until ∼3.2 s when a
droplet containing inclusions is detected (yellow points). The
radius after 3.2 s remains relatively constant within the
uncertainty in the radius retrieval.
The reason that aqueous NaNO3 droplets nucleate at times
later than ∼2 s into evaporation exhibit a diﬀerent PF to those
that nucleate crystals earlier in the process could be a viscositydriven eﬀect. If ion-pair formation and nucleation can occur
quite soon after solute saturation is reached, there may still be
suﬃcient water present to act as a plasticizer and ensure a level
of ion mobility that can support subsequent crystallization
throughout the rest of the droplet. The droplet will thus
display a PF representative of a completely crystallized particle.
However, a droplet that nucleates after 2 s does not retain
suﬃcient water to act as a plasticizer, suppressing internal
diﬀusion within the particle. This can lead to crystal nucleation
at multiple unconnected sites within the particle, giving rise to
phase functions indicative of the presence of inclusions within
the ﬁnal particle.
III.c. SEM Images of Dried NaNO3 Particle Morphologies. Particles of NaNO3 dried under the same conditions
(0% RH, 293 K) as the data reported in Figure 2 were
collected on a glass slide and imaged with scanning electron
microscopy (Figure 3a). Two additional samples were
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collected from the same drying event as Figure 3a but stored
at diﬀerent RHs prior to SEM imaging to explore the phase
(crystalline or amorphous) and morphology of dried NaNO3
particles. Where the sample in Figure 3a was stored in a 0%
RH desiccator following the initial drying but before SEM
imaging, the sample in Figure 3b was stored for 7 h in a sealed
container at 60 ± 2% RH, before being returned to a desiccator
prior to the SEM imaging step. In addition, the sample in
Figure 3c was stored for 2 h at 90 ± 5% RH before being
returned to a desiccator prior to imaging.
All dried particles in the sample in Figure 3a were spherical
in shape, with wrinkles, cracks, and dimples in the surface of
the particles. This can be likely attributed to incomplete
dehydration during drying, as typically SEM observation of wet
samples under the electron beam leads to collapse, shrinkage,
and distortion.46 The rough surface of these microparticles has
been seen in previous studies where aqueous NaNO3 droplets
were dried in a falling column.42,47 Even though Figure 1b
shows that the vast majority of evaporating aqueous NaNO3
droplets under these conditions would undergo nucleation and
crystallization, the dried particles still look spherical. This can
be attributed to the high viscosity of the dehydrated NaNO3
solution at the point of nucleation: a spherical drying droplet is
not plasticized suﬃciently to arrange to form a regular crystal
across the whole particle. The appearance of dried NaNO3
particles can be compared with that of dried NaCl, produced
by evaporating droplets of 20% (w/w) aqueous NaCl in 0%
RH N2 at 318 K (Figures 3d,e). In contrast to the wrinkled,
spherical shapes of the NaNO3 particles, the NaCl particles
show complete crystallization, with each particle comprising
several connected cubic crystals, with deﬁned edges and
smooth faces.
The SEM image of another sample of NaNO3 particles is
shown in Figure 3b. These particles, although dried in an
identical way to those in Figure 3a, were stored at 60 ± 2% RH
after the drying step. Two types of particles can be identiﬁed
after such a change in the environmental conditions: some
dried NaNO3 particles have clearly absorbed moisture in the
higher storage RH conditions and spread out across the glass
slide. However, some particles, notably those in the bottom
left-hand corner of Figure 3b, remain in a spherical shape
similar to those observed in Figure 3a. These particles clearly
did not absorb water while stored at 60% RH. From these
observations, we can infer that particles were deposited in two
phase states, consistent with Figure 1. For the fraction
remaining spherical in shape on elevation of RH, we can
assume that crystallization occurred on drying; then, a
crystalline particle is unable to absorb water at 60% RH and
is only able to deliquesce at higher RH (75%). By contrast, the
particles observed to absorb water and spread out are unlikely
to have crystallized during the initial drying step, forming
instead amorphous particles. In the absence of crystallinity,
these particles can absorb water at 60% RH.
All of the dried NaNO3 sample that was stored at 90 ± 5%
RH prior to SEM imaging dissolved and spread out on the
glass slide, as shown in Figure 3c. As 90% RH is higher than
the deliquescence RH of NaNO3, all particles in this sample
could absorb water during the raised RH step, i.e., both the
particles that had nucleated crystals and those that had not.
Combined, the particle morphologies reported in Figure 3
conﬁrm the interpretation of our kinetics measurements
reported in Figure 1 which show the occurrence of NaNO3
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Figure 4. Radius evolution of individual droplets dried into RHs lower than the ERH, followed by a rapid switch to a greater RH. In (a) and (c) the
droplets nucleate crystals in the initial drying step, whereas in (b) and (d) the droplets equilibrate with the low-RH environment with no crystals
nucleated. The RH is switched at the gray line to 90% in (a) and (b) and to 65% in (c) and (d). (e) and (f) show the aerosol phase behavior
diagram to demonstrate the dehydration−rehydration steps for droplets that crystallize and those that dry to form amorphous particles,
respectively. The color scheme of data points represents the phase state of the aerosol as determined by the elastic light scattering: blue =
homogeneous, spherical; red = crystalline, nonspherical; and yellow = spherical with inclusions.

scattering seen in evaporating NaNO3 droplets can be used to
deﬁne the time at which nucleation occurs.
III.d. Observing Variable Nucleation Behavior in a
Single Droplet. Nucleation can occur through one of two
mechanisms: homogeneous or heterogeneous. Typically, at
low levels of supersaturation homogeneous nucleation in
inorganic salt solutions is a rare event and occurs over very
long time scales. Heterogeneous nucleation is caused by the
presence of surfaces, dust, or impurities and is often the
dominant route to crystallization as it can occur at a lower
degree of solute supersaturation. An aerosol droplet on the
order of micrometers in radius has the absence of any surface
and a low probability of dust or impurity being present; hence,
very high degrees of solute supersaturation can be reached
without any heterogeneous nucleation taking place (see Table
1). Hence, aerosol droplets can serve as a contactless conﬁned

nucleation and crystallization in drying droplets to be variable,
with some droplets not appearing to nucleate crystals at all.
In the CK-EDB, the RH of the nitrogen gas passing over a
trapped particle can be rapidly changed (over a time scale of
∼0.1 s) by switching between two gas ﬂows of diﬀerent
humidity. Thus, the RH cycling experiment described for
collected samples, observing how dried particles behave when
exposed to an increased humidity, can be performed for a
single trapped particle. The processing of two aqueous droplets
of 20 wt % NaNO3, dried into an RH lower than the ERH and
exhibiting crystallization, are shown in Figure 4a,c. When the
RH is stepped up to 90% in Figure 4c, the trapped droplet
deliquesces, demonstrating that indeed the transition observed
at ∼12 s was eﬄorescence and the particle in the trap was
crystalline (conﬁrmed by the particle phase function). When
the RH is stepped up only to 65% in Figure 4a, i.e., below the
DRH of 75%, the crystalline particle, inferred from its phase
function, does not deliquesce. By contrast, Figures 4b and 4d
show two droplets that did not undergo crystallization within
the trap when dried to below the ERH, remaining as
amorphous particles. In both cases the droplets are observed
to reabsorb water when the RH in the trap is stepped up to
either 90% or 65%.
The color scheme of the data points in Figure 4 is the same
as that used in Figure 2, wherein blue indicates a homogeneous
and spherical droplet and red and yellow indicate nucleation,
either complete crystallization or in the form of smaller nuclei
inclusions, respectively. The calculated water activity at certain
time points is indicated, which is estimated from the radius as
follows. The mass and dry radius of pure NaNO3 in each
droplet can be calculated by using the known initial
concentration of NaNO3 and the initial droplet radius. Thus,
for each radial point, a radial growth factor can be retrieved,
which relates to a water activity as outlined by the known
hygroscopicity of the NaNO3 aerosol.32 The crystalline particle
in Figure 4c only becomes an homogeneous liquid droplet
above a water activity of 0.75, which is the DRH. Hence, as in
Figure 3, we see water uptake by amorphous particles at all
RHs but only water uptake above the DRH for crystalline
particles. This also serves as further evidence that the light

Table 1. Solute Concentration and Degree of
Supersaturation for a NaNO3 Droplet That Has
Equilibrated to a Range of RHs and Not Yet Nucleated
Crystals, Calculated in Terms of Molarity

a

RH (%)

concentrationa (g L−1)

supersaturation at 293 K

40
30
25
20
15

1480
1650
1740
1840
1940

2.60
2.89
3.05
3.23
3.40

Concentration at solubility limit (0.465 MFS) = 570 g L−1.

volume in which to probe homogeneous nucleation processes.
The nucleation observed in an aerosol droplet is directly a
result of the stochastic process of homogeneous nucleation:
the random and rare event that ion pairs form and arrange into
a crystal nucleus.
To demonstrate that the diﬀerences in the nucleation and
crystallization behavior observed within the population of
NaNO3 droplets are not caused by the presence of impurities
or dust present in only a fraction of the particles, a single
aqueous NaNO3 droplet of initial concentration 20% solute
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Figure 5. (a) Radius evolution of a single aqueous NaNO3 droplet (20% w/w) as the RH is continuously stepped up to 90% or down to 18% in six
examples of a series of 40 drying events all with the same droplet. (b) Distribution of the time taken for the droplet to nucleate crystals for every
drying event.

Figure 6. (a) Evolution of droplet radius for NaNO3 droplets (12.5% w/w) evaporating in the CK-EDB at 293 K at varying RHs. (b) Distribution
of nucleation events with time for the diﬀerent RHs, for a population of 75+ droplets for each data set.

Figure 7. (a−e) Modeling results of the time-dependent internal solute concentration proﬁles along the cross section of an aqueous NaNO3 droplet
in Figure 6a as it evaporates into varying RHs, where r is the distance from the droplet center. The data are plotted as a molarity concentration as
well as a mass fraction of solution (MFS). The data are plotted every 0.1 s, with the time indicated every 1 s. The black dotted line shows the
NaNO3 bulk solubility limit at 293 K. (f) Comparison between the time-dependent concentration of NaNO3 at the droplet surface (ﬁlled) and the
droplet center (dotted) for an aqueous NaNO3 droplet drying at 15% and 40% RH.

amorphous, absorbed water from the gas phase and grew in
radius. Once the droplet re-equilibrated to its initial starting
size, the gas ﬂow was switched once more to 18% RH, and the
evaporation of the droplet was monitored. This process was
repeated many times, with the resulting radius vs time proﬁle
shown in black in Figure 5a; the RH (as a function of time) is
shown in red, clearly denoting the switching of the gas ﬂows.
The time at which nucleation and crystallization occurred is

weight was repeatedly evaporated in a series of RH-switching
experiments. First, the droplet is evaporated into 18% RH
(below the ERH for NaNO3) and retained for a period of 30 s
to see whether nucleation and crystallization occur. Following
crystallization (determined from monitoring changes in the
phase function), or at the end of a 30 s time period over which
no phase change was observed, the RH was rapidly switched to
an RH of 90% (above the DRH for NaNO3) by using the CKEDB dual gas ﬂows. The particle, whether crystalline or
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Figure 8. (a) Radius evolution of 20% NaNO3 droplets evaporating into 0% RH at varying gas-phase temperatures in the CK-EDB. (b) The timedependent distribution of nucleation events across a population of 50+ droplets for each data set. (c−f) Modeled concentration proﬁles across a
droplet cross section for the drying events 278−293 K in (a), where r is the distance from the droplet center. The data are plotted every 0.1 s, with
the time indicated every 1 s.

peaks at a maximum value that increases as the evaporation
occurs in lower RH. At 15% RH, the maximum surface
concentration predicted by the model before crystal nucleation
occurs is 1590 g L−1, or 18.7 M, which corresponds to a degree
of supersaturation in molarity space of 2.48. All droplets
nucleate crystals by the time that this maximum in supersaturation is reached. It is likely that nucleation occurs at the
surface, where there is a very steep concentration gradient,
shown by the model. For a RH of 20% and higher, a fraction of
droplets do not nucleate crystals even when the peak in solute
concentration is reached. The droplets remaining then have a
concentration gradient that levels out across the droplet as bulk
diﬀusional mixing outweighs the evaporative ﬂux of water
leaving the surface. At long time scales, these droplets would
eventually achieve a radially uniform solute concentration, with
a higher equilibrated solute concentration that is greater for the
lower RHs. A higher solute concentration leads to a higher
chemical potential and greater drive for crystal nucleation. The
degree of supersaturation in terms of the molarity calculated by
using the E-AIM model can be as high at 3.48 for an
uncrystallized droplet that has equilibrated at 15%, as shown in
Table 1.48 The time evolution in the NaNO3 concentration at
the surface and at the center for droplets evaporating into 15%
and 40% RH is compared in Figure 7f. A very large degree of
surface enrichment is inferred to occur at a drying RH of 15%
(with a large disparity between the center and the surface).
However, for drying at 40% RH, an enriched surface reaches a
limiting maximum solute concentration, and the evaporation
rate then reduces, leading once more to a homogeneous
droplet after 10 s.
III.f. Variation in Nucleation Propensity at Diﬀerent
Temperatures. As part of the exponent in eq 2, the
temperature is an inﬂuential factor in classical nucleation
theory, acting to increase the nucleation rate with increasing
temperature with all other quantities being equal. The increase
in temperature leads to a greater degree of thermal motion of
the ions, leading to a greater chance for the necessary
interactions to occur that lead to nucleation. Indeed, with an
increasing gas phase temperature, the likelihood of forming a

evident from the large increase in noise in the reported droplet
radius.
The data in Figure 5a show that the same aqueous NaNO3
droplet, held continuously in the trap for multiple RH cycles,
exhibited a diﬀerent eﬄorescence time each time the droplet is
dried. On some occasions the droplet did not eﬄoresce during
the 30 s time window allocated for the RH switch, while in
other cycles it nucleated in only 2 s. Figure 5b shows the timedependent decay (over all the evaporation−condensation
cycles) for the liquid droplet as a function of time. This ﬁgure
demonstrates that the variation in nucleation time during the
evaporation of many droplets in a series cannot be caused only
by diﬀerent droplets containing varying amounts of impurities
or dust because here each drying event has the same exact mass
of NaNO3 with the same potential for impurities. We can
conclude that the variability observed in NaNO3 nucleation
times is dominated by the stochastic nature of crystal
nucleation.
III.e. Variation in Nucleation Propensity for NaNO3 at
Diﬀerent RHs. The droplet-to-droplet variation in nucleation
time observed in NaNO3 droplets can be observed across a
range of experimental conditions. Figure 6a reports the
crystallizing fraction of evaporating droplets into diﬀerent
RHs. It must be noted that the initial droplet size for the 20%
and 25% RH data sets is lower; a version of this ﬁgure with the
data normalized for the initial starting radius allowing
comparison of the evaporation rates is presented in the
Supporting Information (Figure S5). The time dependence for
the nucleating fraction of droplets across a large population
(70+ droplets in each case) is shown in Figure 6b. As droplets
evaporate at lower RHs, the percentage of droplets that
nucleate in a 10 s experimental window is seen to increase, and
crystallization is observed to occur at earlier times. The reasons
behind this are evident from the modeled concentration
proﬁles within the evaporating droplet, as shown in Figure 7.
The NaNO3 concentration at the surface rises more quickly
when drying into lower RH.
The general trend in the concentration proﬁles shows a
steep rise in surface solute concentration with time, which
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Figure 9. (a) Radius evolution of NaNO3 droplets evaporating into 0% RH at 284.5 K with varying starting concentrations. (b) Time-dependent
distribution of nucleation events across a population of 50+ droplets for each data set. (c) Model results of the time-dependent surface
concentration. (d) Time-dependent Péclet number. (e−h) Modeled concentration proﬁles across a droplet cross section for the drying events in
(a), where r is the distance from the droplet center. The data are plotted every 0.1 s, with the time indicated every 1 s. The dashed line indicates the
bulk solubility limit.

III.g. Variation in Nucleation Propensity for Diﬀerent
Starting Concentrations. The concentration dependence
upon the nucleation propensity of aqueous NaNO3 is
demonstrated in Figure 9, where the initial concentration
was varied for diﬀerent populations of droplets evaporating at
285 K and 0% RH.
The chance of forming a crystal nucleus varies as a function
of time in each case. The evaporation rate of the lower solute
concentration droplets is slightly faster, as shown in Figure 9a,
due to the greater vapor pressure of water arising from a lower
solute activity. Hence, the droplets in these measurements
would be exposed to a greater degree of evaporative cooling.
Liquid droplets of ∼25 μm in radius evaporating into dry air
have been shown to fall to several tens of degrees colder in
temperature than the surrounding gas temperature.49 Thus, the
trend in nucleation propensity reported in Figure 9 is a result
of the interplay between nucleation rate at the droplet
temperature and the time available for crystals to form. The
modeled concentration proﬁles of the droplets evaporating
with diﬀerent initial starting concentration are shown in
Figures 9e−h. For the droplets with the lowest initial
concentration droplet (Figure 9e), there is little time available
for crystallization because the whole droplet is far below the
bulk solubility limit until quite late into evaporation. When
eventually it does surpass the solubility limit, the solute
concentration at the droplet surface is very high due to the
huge degree of enrichment from the rapid evaporation, and
nucleation occurs rapidly. Conversely, a slightly higher initial
concentration of 50 or 200 g L−1 leads to a more gradual
degree of surface enrichment during evaporation, and some
droplets nucleate crystals before the surface of the droplet
becomes too viscous.
A droplet starting at a concentration of 434 g L−1 is already
quite close to the NaNO3 bulk solubility limit of 642 g L−1 and
evaporates at the slowest rate. When it passes the solubility
limit, it has the longest crystallization window of all

crystal nucleus in an evaporating NaNO3 droplet increases, as
shown in Figure 8b. The proportion of droplets remaining
uncrystallized falls from 100% to 0% within only a few hundred
milliseconds at 306 K; at 278 K, the time for droplets to
nucleate crystals spreads over several seconds, and the majority
of droplets do not display nucleation within the experimental
window. At colder temperatures, the droplet evaporation rate
decreases, as shown in Figure 8a, which leads to a greater time
available for nucleation. However, the nucleation rate is lower
at 278 K, and even with the slower evaporation rate, the
droplet loses all of its water through evaporation before
contact-ion pairs have time to arrange into a crystal nucleus.
The distribution of nucleation events in evaporating NaNO3
droplets at varying temperatures in Figure 8b can be converted
into a half-life, τ, of remaining uncrystallized droplets. τ is
taken as the time taken for half of the droplets in each data set
to nucleate crystals, out of those that do nucleate within the
experimental window of 10 s. τ relates to the inverse of the
nucleation rate, so according to eq 2, plotting ln(τ) against 1/T
where T is the gas-phase temperature yields a straight line with
gradient −ΔG*/kB. This is shown in Figure 8c, wherein the
gradient of the straight-line ﬁt (black line) is 4300 ± 300 K.
This enables the calculation of the Gibbs free energy barrier to
nucleation, ΔG*, as 36 ± 3 kJ mol−1. Fitting a straight line to
this plot validates the Arrhenius form of the nucleation rate of
NaNO3 in eq 2, showing that the nucleation is an activated
process.
The modeled concentration proﬁles in evaporating NaNO3
droplets (20% w/w) in 0% RH at 293, 285, 280, and 278 K are
reported in Figures 8d−g, respectively. The maximum solute
concentrations achieved at the surface of the droplets are
similar because the droplets are all evaporating into dry air and
reach approximately the same equilibrated radius, as shown in
Figure 8a. This demonstrates that the NaNO3 nucleation rate
is strongly temperature dependent and is not just dependent
on the degree of supersaturation reached in a droplet.
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crystals in the time window taken for the water to evaporate,
leaving an amorphous dry particle. The distribution of
nucleation time is dependent upon the drying conditions
(temperature, RH, and initial NaNO3 concentration). We
believe that the reason behind this interesting nucleation
behavior is that the viscosity of NaNO3 solutions can increase
in 4−5 orders of magnitude as the solute concentration rises,
which in turn reduces the nucleation rate at very high
supersaturations. There is a competition between nucleation
rate and the time available for crystallization (the drying time),
and this interplay controls the ratio of amorphous or
crystallized dry particles. This data set of nucleation rates
under diﬀerent conditions would be useful for validating
models of nucleation rates of viscous droplet drying, which is
important for product control in spray drying.

evaporation conditions reported in Figure 9. This is
demonstrated in Figure 9c, where the black line shows the
evolution of the surface concentration of the droplet with a
starting concentration of 434 g L−1. The solubility limit is
surpassed at the surface very rapidly, and hence, there is a long
time window for crystals to nucleate before the drying is
complete. This argument does not explain why the droplets
starting with the lowest concentration (11 g L−1) nucleate very
rapidly and reproducibly despite the smallest time window
available for crystal nucleation. The nucleation behavior of
droplets of this starting composition may be related to how
rapidly the surface concentration rises at the end of
evaporation in Figure 9c. The evaporation rates (Figure 9a)
can be compared to the rate of diﬀusional mixing at the droplet
surface, from the surface concentration (Figure 9c), by using
the Péclet number (Pe):50
κ
Pe =
Deff
(7)
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https://pubs.acs.org/doi/10.1021/acs.jpcb.0c04079.
Examples of the elastic light scattering patterns of the
laser light by droplets exhibiting diﬀerent morphologies;
a schematic diagram of the setup of the falling droplet
column instrument; a comparison between the experimentally obtained droplet radii during evaporation and
the ﬁtted model; the viscosity of aqueous NaNO3 as a
function of solute concentration and temperature; and
the binary diﬀusion coeﬃcient of aqueous NaNO3
solutions as implemented in the model presented in
this work, normalized evaporation rates of NaNO3
droplets under varying RHs (PDF)

where κ is the evaporation rate (dr2/dt) and Deff is the eﬀective
binary diﬀusion coeﬃcient of aqueous NaNO3 at the droplet
surface. The time-dependent Pe for the evaporation data sets in
Figure 9a are shown in panel d. A Pe greater than 1 represents
when the evaporation rate is faster than the rate of diﬀusional
mixing. Thus, Pe > 1 indicates that the droplet may become
enriched with solute at the surface and that the viscosity is the
limiting factor in the mass transport during evaporation. For all
initial NaNO3 concentrations, the Pe increases to a similar
maximum value (Figure 9d), but the time window for which
the high Pe is maintained, where the evaporation rate is much
greater than the diﬀusional mixing rate, is longer for the higher
starting concentration.
Overall, the data in Figure 9 demonstrate how variable the
nucleation behavior for evaporating aqueous NaNO3 droplets
can be depending on the initial conditions. By only varying the
starting concentration, we show that the ratio between
crystalline and amorphous particles formed during drying can
be tuned. These data can be used to infer the absolute values of
the temperature- and concentration-dependent nucleation rate
for aqueous NaNO3, which are discussed in more detail in
another publication.38 The ability to model the interplay
between the crystal nucleation rate and the time available for
crystallization would be very valuable for spray drying models
of viscous droplet evaporation.
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IV. CONCLUSIONS
Inorganic aerosol solution droplets typically crystallize when
the surrounding relative humidity (RH) is reduced, and the
threshold RH below which crystallization is observed is often
described as the eﬄorescence RH. Although there have been
multiple studies on the hygroscopicity of NaNO3 aerosol
particles, there remains an absence of agreement on the value
of the ERH, and there has been limited work on the kinetics of
the nucleation rate. Using the comparative-kinetics electrodynamic balance, we can isolate one single liquid droplet of
aqueous NaNO3 at a time and study the evaporation kinetics
and nucleation behavior of a population of many hundreds of
identical droplets. Where NaCl solutions show a highly
reproducible nucleation behavior with very little variation in
the time that diﬀerent droplets nucleate crystals when a speciﬁc
supersaturation is reached, NaNO3 droplets in a series show a
broad distribution in the time that crystals nucleate. Even when
evaporating in 0% RH, some NaNO3 droplets do not nucleate
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