Downloaded viaUNIV OF BRISTOL on November 20, 2020 at 23:32:26 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

THE JOURNAL OF

PHYSICAL CHEMISTRY

pubs.acs.org/JPCB

Drying and Crystallization of Evaporating Sodium Nitrate Aerosol
Droplets

F. K. A. Gregson]. F. Robinson, R. E. H. Miles, C. P. Royall, and J. P. Reid

Cite This:J. Phys. Chem. 320, 124, 60246036 I:I Read Online

ACC ESB [l Metrics & More | Article Recommendations ‘ * Supporting Information
ABSTRACT: The evaporation of liquid solution droplets and solpf§iiateq @ Drying kinetics,
crystallization can be highly complex and is an important probigino, = propensity to
particularly in spray drying where powdered products are prodssiedol & crystallize
from sprayed liquid droplets, such as in the food or pharmacedutigaét: .

industries. In this work, we study the relationship betwee /Elaé’r‘i’r;aet'r?tg Time

evaporation rates of single levitated NatNGplets under varyin P .
environmental conditions and the propensity for nucleation of,N < Enrichment of
crystals. We use a combination of an electrodynamic balance to study 5 solute ?t droplet
single-droplet evaporation kinetics, SEM imaging of dried particles,  Modelling £ surtace
and modeling of the internal solute distribution inside a drying the solute 8%\Time

droplet. We show that the agueous NaN@plets exhibit broad transport 8

distributions in the time that crystal nucleation is observed, droplet to rrHm

droplet. The distribution of nucleation time is dependent upon environmental conditions such as the drying temperature, relativ
humidity (RH), and solute concentration. Even when evaporating in 0% RH, some droplets do not nucleate crystals in the timi
taken for all water to evaporate and dry to form an amorphous particle. We believe that this interplay between crystalline c
amorphous particle formation is a result of the viscosity of aqueoysdlatiins, which rises by several orders of magnitude as

the concentration increases. We show that for droplets with an initial reé¢busrothe propensity for aqueous NaNi@plets

to nucleate crystals upon drying increases with a decreasing RH and increases with an increasing temperatur&Boie range 278
K. This work demonstrates the importance of the drying kinetics on the propensity of evaporating droplets to nucleate crystals

I. INTRODUCTION ows:®” Hence, single particle techniques are valuable for
The formation of solid particles from evaporating |iquiostud_yin%crystallization behavior of formulations in a controlled
droplets is an important process across a broad range f@ghion” For spray drying applications, understanding the
industries and application areas. The design and fabricationPéppensity for a drying aerosol droplet to crystallize under
particles by using spray drying has attracted much attentiondh erent conditions is important. In the broader sense, an
recent years with a goal to improve the reproducibility anderosol droplet of pure components, in the absence of any
uniformity of the particles formed and the range of situatiorgurface able to induce heterogeneous nucleation, can facilitate
in which it can be applied. Particle size, morphology, sizudy of the homogeneous nucleation process. Homogeneous
distribution, and degree of crystallinity have been shown to becleation of crystals out of a solution typically only occurs at a
a ected by changes to the droplet processing conditions sulgiyh degree of supersaturation, which is not accessible in the
as solverit; temperatur&;® starting pH;’ and inert additives  bulk phase. Thus, aerosol studies on homogeneous nucleation
to the feed solutidiv: are important for validating theories of nucleation.

Particles of amorphous material, rather than crystalline, areClassical nucleation theory (CNT) is commonly used to
often desirable in drug delivery applications because of thgifderstand nucleation of crystals out of solution. Crystal
solubility and the bioavailability of active ingredefitin nucleation is governed by the change in Gibbs free energy
contrast, crystalline products may be more appropriate f@r G) between solution and crystal phase. In CNT we express

some applications as they oftereroa higher degree of ' a5 the competition between the free energy loss of
stability in long-term storage with particles stable to phase ™
change$™'°® Whichever phase is more desirable for the _
application, the ability to predict and control the presence ¢feceived: May 7, 2020
amorphous or crystalline content in a product is highl)gev'sed: June 16, 2020
benecial.

In an industrial spray drier it can bedlilt to observe
crystallization directly due to the speed of the process, the vast

guantity of droplets present, and the highly dynamic circulating
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forming a cluster of solute and the free energy gain causeddmggesting interesting nucleation behavior. In addition, the
the creation of a phase boundary between the cluster and tnglk solubility limit of NaN9shows a strong dependence

solution?®?? upon the temperatutf@E orescence has been observed over
_ & + A a range of published studies to occur at RHs in the range
Gys(D =S | @) 0.059640%. Ghorai and TavariSkeported the RH at which

NaNQ; crystallized as 35% measured using X-ray spectromi-
tgqscopy. Tang and MunkelWitevitated NaN©@droplets in
ﬁn electrodynamic balance and evaporated them into a range of
Hs and observed erescence in individual droplets between
0.05% and 30% RH. Lee et’alupported micrometer-sized
NaNQ; droplets on a TEM grid and studied their propensity
to crystallize. They reportedetient types of droplets, each of
which had dierent e orescence and deliquescence RHs
{between 1845% and 7375%, respectively), with some
droplets not appearing to undergo either process. Likewise, in
optical tweezers, Nah@roplets have been evaporated slowly
to as low as 10% RH without crystallization occurring, showing

wheren is the number of solute molecules in a clusteis
the chemical potential change, per molecule, between solu
and crystal, andis the surface tension between a cluster an
the surrounding solutiof.is related to the dimensions of the
cluster and is proportionalrté®, so the function iaq 1goes
through a maximum,G.f at a critical cluster sizg, after
which Gy decreases monotonically withleading to
spontaneous crystal growth.

The nucleation rate of crystals out of solution per uni
volume per unit timd, is typically expressed in the form of an
Arrhenius equation:

& that a liquid droplet at such high levels of solute super-
J= Kexp saturation can still remain in equilibrium with the gas-phase
kT @  RpH2’
where K is the pre-exponential factor taking kinetic [N this work, our goal is to highlight the variability in
considerations into account such assiie transporkg is nucleation behavior in large populations of individual aerosol

the Boltzmann constant, ahi the equilibrium temperature. droplets, which exhibit stochastic behavior. We will demon-
While classical nucleation theory has been shown to §#ate that the nucleation of NalNfannot be described by an
useful in interpreting nucleation datahere are many ERH and by a thermodynamic critical supersaturation. By
underlying assumptions to simplify the theory that are unlikﬁserv'”g distributions of nucleation events across many
to hold. CNT assumes that the crystal nucleus has identicd erent drying conditions, we show that the drying kinetics
macroscopic properties to the equilibrium crystalline phadgad to dierent outcomes in the competition between
such as density, surface free energy, and structure, as wefrs&alline and amorphous particle formation, which explains
the assumption that the interface between the nucleus aHie inconsistency in the reported ERH in the above studies. A
surrounding solution is a sharp, spherical boundary. gPmbination of EDB measurements, SEM imaging of dried
addition, CNT often fails to explain the apparent absence 8frticles, and a numerical model is usededtion I} we
a nucleation barrier at very high supersatur%ﬁiwith, such describe the_ experimental technlque_s_ for |solat|n_g sm_gle
concentrations being prevalent in the aerosol phase. aerosol solution droplets and dgtermm_mg the particle size
Nucleation of crystals out of solution in an aerosol droplet @1d phase state throughout dryingsdation |llwe show
often described in terms of an absdlaterescence RH results of the evaporation and nucleation kinetics of NaNO
(ERH). If a liquid aerosol particle is dried into an environmengolution droplets under @rent environmental conditions,
of continuously decreasing RH, it will continue to lose watéich as under varying RHs and temperatures. We use an
and will enter a regime of solute supersaturation. The ERH&§companying model to study the evolving concentration
the lowest RH at which the droplet can remain as &0 les inside an evaporating NaNifoplet to explain the
supersaturated liquid before crystallizing into a microparticPserved nucleation kinetics.
If the same microparticle is then exposed to an increasing
humidity, it will take up water and dissolve into an aqueodé- EXPERIMENTAL TECHNIQUES AND MODELING
solution droplet only at a certain RH known as the Il.a. Electrodynamic BalanceThe evaporation kinetics of
deliqguescence RH (DRH). This @escencadeliquescence NaNQO; droplets are measured by using the comparative
cycle is characteristic to inorganic aerosol droplgsically, kinetics electrodynamic balance (CK-EDB). In all experiments,
if an inorganic aqueous-solution droplet is dried into a lowddPLC grade water, analytical grade NgNiSher-Scientt),
RH than the ERH, then crystallization will be observed. Thignd BioXtra 99.5% NaCl (Sigma-Aldrich) were used. The
has been shown to be reproducible across large population&8B instrument has been discussed in a previous pubfication
NaCl aerosol droplets, with a very narrow distribution in thand so will only be brig outlined here. A single droplet of
time at which crystallization is observed to occur as dropldtaown composition is produced by using a droplet-on-demand
are dried® Thus, crystal nucleation in inorganic aerosolgenerator (MicroFab) and injected into the CK-EDB instru-
droplets is often assumed to be a spontaneous process. Feent. The initial droplet size is typica®p+ 0.08 m. The
experimental techniques currently exist for studying thdroplet is charged on generatiorf(Q, e.g., from an ion
kinetics of nucleatiom situin aerosol droplet$,and as imbalance) by an induction electrode. An AC voltage is applied
such, crystallization of aerosol is typically only described tm a pair of upper and lower concentric cylindrical electrodes,
terms of an ERH. mounted vertically opposite one another, such that the charged
In this study, we investigate the nucleation propensity upairoplet becomes trapped in the electrodynaghicat the
evaporation of aqueous sodium nitrate droplets. Sodiunenter of the instrument. An additional DC voltage is applied
nitrate was chosen as ataysto study because the to the bottom electrode only to counteract the gravitational
hygroscopicity has been wellréel by previous experiments force acting on the droplet. The temperature in the trapping
as well as modéfs’ making its concentration at varying RHs chamber is controllable within the rangeS323 K by a
well characterized, but it does not exhibit a weledéeERH, circulating ow of ethylene glycol coolant that passes across
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the electrodes and measured with a thermocouple (Nationdtoplets was previousgl used to study the nucleation in
Instruments) The RH in the CK-EDB can be controlled byaqueous NaCl dropléfs’® An example of the light scattering
adjusting the ratio between dry and wet nitrogen in awas from a homogeneous droplet or a crystalline droplet is shown
(RH range 8100%) that is applied across the droplet at a ratén Figure S1 of theupporting Informatioif crystals nucleate,
of 0.03 m ¥. The instrument has two gamwvs with the  they must grow to a minimum size to be detectable by the light
independent control of RH of each: omaving upward  scattering, which is0.05% the volume of the droplet. The
through the lower electrode (lowexw) and one owing induction time is deed as the time period from the moment
downward through the upper electrode (upps}. By use of a solution becomes supersaturated until the instant that
mass-ow controllers (MKS), a rapid switch (withi@.1 s) crystals are detect€dror the droplets in the EDB, the time
can be made between which gasis the dominant one and scale for the growth period of a crystal nucleus before it is
therefore the one experienced by the particles. Thdetected is assumed to be small and thus a negligible
approximate RH in the chamber is determined by using theontribution to the induction time.
ratio of dry to wet nitrogenows set on the massw In this work, droplets of aqueous NaN¢@re evaporated
controllers, with an accuracy af2%. The wet and dry gas within the EDB, and the kinetics of evaporation and the
ows are mixed at 293 K, so all experiments wherein the RHgsopensity to crystallize were measured across a range of RHs,
varied are performed at 293 K. If the temperature is varietimperatures, and initial feed concentrations.
only the dry N gas ow is used to maintain the RH at 0%. [l.c. Collection of Dried Particles and Imaging. To
Il.b. Sizing the Droplet and Analysis of the Particle investigate the morphology of dried NaN&ticles, a falling
Phase State.The trapped droplet in the EDB is illuminated droplet column instrument was used because dried particles
with a 532 nm continuous-wave laser (Laser Quantum, Ventaesnnot be collected from the EDB instrument. In parallel
UK), and the scattering pattern produced by the droplet takemeasurements under analogous drying conditions to those
the form of interference fringes (phase function). The phasesed in the EDB, droplets of Naj\#De dried in the column,
function (PF) is recorded by a CCD camera (CMOS,and the dried particles collected on a glass slide as the
Thorlabs) placed at #%o0 the propagation direction of the substrate. NaNQiroplets of 25 m in radius are produced
beam, with an angular collection range2df. The angular  at a rate of 10 Hz by using the same dispensers as in the CK-
separation between the interference fringesan be usedto EDB measurements (MicroFab) and are directed in a falling
calculate the droplet radiuspy using the geometric optics chain of droplets down a vertically mounted glass column of 50
approximation to Mie theory: cm in length. The RH in the column is maintained at 0% by
) owing dry N gas down through the column, and the
, oL temperature is maintained at°20by using a heating wire
msn(E) wrapped around the column with a calibrated temperature

SM i*’ — probe. A vertically propagated laser 632 nm) is aligned

\/1 + 'S 2m 0065) 3) directly up the column to image the falling chain of droplets
and to ensure that there is sient fall time for the liquid

where is the laser wavelengthis the central viewing angle, droplets to dry into solid particles. The dried particles collected
andmis the refractive index of the droplet. This approximatio®" @ glass substrate are imaged by using a scanning electron
can determine the radius to an accuragy@® nm. microscope (Jeol !TSOO SEM). A silver c.:oatm.glﬁfn.m is

The angular intensity pte of the elastic light scattering applied to the particles and substrate, prior to imaging (sputter
can be used to infer the trapped particle structure by using tReater, Agar Sciert). The SEM imaging settings are a 15
algorithm outlined in Haddrell e?alThe structure can be MM working distance, 15.0 kV acceleration voltage, and a
continuously monitored throughout the evaporation procesgagnication of 10852006«<. A schematic image of the
with four distinct morphologies ideatile: homogeneous and falling droplet column ‘instrument can be found in the
spherical (i.e., a liquid aerosol droplet); nonspherical anguPpPorting Informatiogigure S2). _
inhomogeneous (e.g., like a crystalline salt particle)3a core !l-d. Modeling of Internal Concentration Pro les. The
shell particle (i.e., phase-separated surface shell and inf@pcentration of solute at efent radial points within an
core); and a droplet containing inclusions. In the latter casgvaporating aqueous Naj\foplet is calculated by using a
the droplet shape is overall spherical, but there are interﬁ}ilm§2§83| model, outlined in detail in previous publica-
areas of inhomogeneity (i.e., inclusions) that disrupt the lighfens-""" We consider the droplet as a series of concentric
scattering. The algorithrts functions to the light scattering radial shells (of width20 nm) with a moving boundary. The
phase function and, in a droplet on the order of2can evaporation rate, Whlch conjrol; the rate of surface recession,
reproducibly detect internal inclusions that are of radius >A&SSUMes quasi-static vaporization:
nm down to a percent volume of inclusions of G:0B%b. dm
inclusions of 40 nm, 0.05 vol % corresponds to a quantity of ~ 4~ = 4 C QRIn(1+ B @
62500 detectable inclusions in a @0droplet.

When the droplet igst produced, it scatters the laser light where , andD, are the density and vaporudion coe cient
in the form of a regular phase function, such that an accuraiEthe vapor phase, respectiRlig. the molar gas constant,
value of the radius can be calculated. If nucleation occurs imad B is the Spalding numb&r® which relates to the
droplet, the scattering pattern will show crystallinity odi erence in solvent concentration at the surface and in the gas
inclusions; hence, the radius can no longer be determingtiaseC is an empirical correction to give correct agreement
accurately by the EDB instrument. This point in time is thusvith the experimental masx at short times. Thé between
recorded as thucleation tinfe and the time sensitivity is the modeled droplet radii and the experimental radii is
the minimum interval at which the EDB records the PF, whicbompared irFigure S3The solute concentration ple is
is 0.01 s. This method to detectagescence in aerosol obtained by numerically integrating theusional mixing
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Figure 1(a) Time at which nucleation is observed for a population of 100+ Nadg@ts (20% w/w, starting radius m) 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 survi\
NaNG; droplet and NaCl droplet in the data sets.

using nite di erence methods via the standardisibn uncrystallized droplets. The shape of the decaying fraction

equation: remaining suggests that the crystallization is stochastic in
nature. Owing to the very small initial droplet voluné@ (
—S = (Dy ) pL) and the high purity of both the NajNé&nd water used,

t ®) the chance of contaminants being present and inducing

where is the concentration of solute ands the Laplace heterogeneous nucleation is low, and instead we assume all
operator. For internal massx we assume Fikaw for ~ nucleation events herein to be homogeneous. We will return to
di usion which uses aneetive binary dusion coecient, a discussion of this assumption later.

Des Previous work using optical tweezers has determined theThe di erences between the crystallization kinetics of a
viscosity, , of aqueous NaNGolutions in the aerosol phase population of aqueous NaCl and aqueous NaNlets are

down to very low water activifyjdlence Doy is calculated via  clear. Highly reproducible @rescence behavior is observed

the StokeSEinstein relation using a Stokes raalius for identical NaCl droplets generated in sequence, with
keT crystallization occurring abruptly when the concentration of
D= —— the solute at the surface of the droplets reaches a critical

6 a (6) supersaturation of 2. 84Figure b suggests a dirent form

To determine, we calibrated dision measurements from a O the dependence of the nucleation rate of aqueous;NaNO
molecular dynamics simulatforagainst the experimental droplets on supersaturation than observed for NaCl: there is
viscosity data, which led to a valae=00.167 nm for NaN® no “critical supersaturatiowhich, when surpassed, leads to
This is outlined in greater detail in our previous modelingMmediate nucleation. Rather, the NaNf@plets enter a
paper® The viscosity and dision coecients are shown in nucleation windd#” wherein there is opportunity for
Figure S4The value oh used in the model lies between the Nucleation and crystallization to occur but which shows
literature values of the Stokes radius foioNa (0.184 nnff droplet-to-droplet variability. o N

and for NQS ions (0.129 nmj* Asais closer to the literature ~ FOr aqueous NaCl droplets evaporating in dry conditions,
value of the Stokes radius of ari Mm, the modeled We previously presented simulations of the evolving internal
concentration prdes inFigures 9 represent the concen- concentration prées and demonstrated that there is a high

tration of Na degree of solute enrichment at the surface of the droplets; the
internal diusional mixing cannot replenish the surface with
lll. RESULTS water at the same rate that is evapdfai@sntrary to
lll.a. Comparison between NaNQ and NaCl Crystal- observations for aqueous sodium chloride drbpits,

lization Behavior. A series of droplets of aqueous NaNO Viscosity of NaNEhas previously been shown to increase by
(20% wiw) are evaporated in the CK-EDB in drat\93 K more than 3 orders of magnitude as the water content
and held in the trap for a 10 s time window. For a populatiof€creases, up to the order 810 Pas as it surpasses a mass
of 100+ droplets, the time at which nucleation is observed f§iaction of solute of 0.9 and higHeFor aqueous NaNO
each droplet is shown in the histograiignre &, grouped in ~ droplets evaporating into dry conditions, the rapid evaporation
0.05 s time intervals. The data for Nahi@ compared with ~ rate coupled with an increasing viscosity governed by the
our previously published data for the observed nucleation @@mposition at the surface could lead to an even greater degree
evaporating droplets containing aqueous NacCl (20%%/\,\,)_ of solute enrichment than in the NaCl droplets. While a higher
In contrast to the NaCl data, 2.5% of Nah@plets do not ~ solute concentration should lead to a higher propensity to
crystallize within the 10 s experimental window despiteucleate, the increase in viscosity with solute concentration
appearing to lose all water and reach a constant size at 0%y reduce the rate of nucleation by slowing ion mobility and
RH. Indeed, the phase function (PF) maintains regularlthe subsequent arrangement into a crystal nticlEusse
spaced fringes throughout the 10 s trapping period, implyir@mpeting factors could lead to the shape of the decay curve in
that the droplet is homogeneous and spherical throughout. Figure b. It should be noted that the time of thernet in

In Figure b, we report the time dependence in the fractionthe blue curve dfigure b coincides approximately with the
of droplets still scattering light in a pattern consistent with aime of the radius equilibration. As water is continuously lost
homogeneous and spherical droplet, i.e.,"dbeay of from the droplets throughout the initial evaporation, individual
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Figure 2 Evaporation prde of two individual aqueous droplets containing 20% (w/w) NaMaporating into dry,Mdt 293 K. The insets show

the phase function of the light scattering areint times. The particle phase idedtfrom 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 nucleate
“early, at 2 s, and has a largely crystalline phase function®|és§ Aucleating droplet at 3.2 s with a phase function indicating inclusions.

Figure 3.SEM images of NaN@articles collected on a glass side which were produced by evaporating aqueous 20% {whopReEND

dry N, 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
a 0% desiccator. (d, €) SEM images of a NaCl particles from a sample collected from evaporating 20% (w/w) aqueous NaCl gadplets in dry N

318 K in a falling droplet column.

droplets within the population begin to nucleate crystals onwater ( 2 s into evaporation), the viscosity becomes so high
regular, if not predictable, basis. However, if nucleation has tioat the chance of a droplet nucleating after this point drops
yet occurred before the time that a droplet has almost lost aligni cantly. The high viscosity leads to thigening out of
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the number of uncrystallized droplets affes. By contrast, collected from the same drying evertigisre & but stored
even when reaching high solute concentrations, the viscosityabfdi erent RHs prior to SEM imaging to explore the phase
aqueous NaCl is never greater thal B@s.® Hence, the  (crystalline or amorphous) and morphology of dried NaNO
viscosity never impedes nucleation in evaporating aquequsticles. Where the samplé-igure & was stored in a 0%
NacCl droplets, and the red lineFigure b can be seen to RH desiccator following the initial drying but before SEM
drop to zero when all droplets nucleate at a similar timgmaging, the sampleFfigure B was stored for 7 h in a sealed
Viscosity has been suggested previously to be an importashtainer at 68 2% RH, before being returned to a desiccator
factor in governing the phase behavior of NalN@ixed-  prior to the SEM imaging step. In addition, the sample in
component aerosol: a previous FTIR study of the equilibriurrigure 8 was stored for 2 h at 905% RH before being
hygroscopic response has shown the presence of a visa@grned to a desiccator prior to imaging.
organic solute such as sucrose in a sodium nitrate aerosoA|| dried particles in the samplé=igure @ were spherical
droplet reduces the thermodynamiorescence RH. in shape, with wrinkles, cracks, and dimples in the surface of
lll.b. Phase Functions of Evaporating Aqueous the particles. This can be likely attributed to incomplete
NaNQ; Droplets. If an evaporating droplet nucleates crystalsgehydration during drying, as typically SEM observation of wet
the particle could show two elient types of PF. It could samples under the electron beam leads to collapse, shrinkage,
show a crystalline morphology, where there are no regulagiq distortioft® The rough surface of these microparticles has
spaced fringes from which the CK-EDB software can calculgigen seen in previous studies where agueous; Nadp@®ts
the radius from and typically the data after this point is noisyere dried in a falling coluffii’ Even thougfFigure b
Such a PF generally suggests that the particle is NOghows that the vast majority of evaporating aqueous; NaNO
homogeneous or nonspherical. Alternatively, the PF coylflopiets under these conditions would undergo nucleation and
show inclusions, wherein the particle is still relatively S_pherl'_g;é/stallization, the dried particles still look spherical. This can
in shape, but there are regions of inhomogeneity inside gL 4itributed to the high viscosity of the dehydrated NaNO
disrupt the light scattering. There are still interference fringe$|ution at the point of nucleation: a spherical drying droplet is

but the variation in scattered intensity with angle no longgy; hjasticized swiently to arrange to form a regular crystal

smoothly decreases with increasing angle and instead show 3ss the whole particle. The appearance of drieds NaNO
rapidly uctuating intensity prke.

. . ) . particles can be compared with that of dried NaCl, produced

The time-evolving radius plefor an evaporating agueous by evaporating droplets of 20% (w/w) aqueous NaCl in 0%
_Il\_lﬁlNQ; drtoplhet thazhnucleatt_els ach.OQ ‘?‘_ IS ihowrﬁjm&;{:dj RH N, at 318 K Figures 8,e). In contrast to the wrinkled,
tim%s:hzi espr(i)c\JA;Sto ceryggl Iﬁl?d%a?iii: (ll'mS(; 'g: daone afteer spherical shapes of the NaNfrticles, the NaCl particles

crystallizationt(= 2.3 s). There is a clear elience in the show complete crystallization, with each particle comprising

angularly dependent intensity fes between the two phase several connected cubic crystals, witlnede edges and

X : . . smooth faces.
functions. By contrastigure B shows the time-evolving ; . .
pro le for an aqueous NaN@roplet that nucleates 3 s into The SEM image of another sample of Napiticles is

the evaporation process. Here the inset shows the PF at thrae VN inFigure 8. Th_ese particles, although dried in an
di erent times. The PF for the droplet that nucleates earlgtg]m'cal way to thosekigure &, were Stofed at &02% R.H .
(Figure ) goes straight from showing a homogeneou er the drying step. TWO types .Of particles can p_e erdk.antl
spherical morphology (blue points) to a crystalline morphofiter Such a change in the environmental conditions: some
ogy (red points). However, fiigure B the PFs indicate the drled NaNQ particles haw_e clearly absorbed moisture in the
particle is homogeneous and spherical UB@ s when a higher storage RH conditions and spread out across the glass

droplet containing inclusions is detected (yellow points). Thgllde. However, some particles, notably those in the bottom

radius after 3.2 s remains relatively constant within th§ft-hand comer dfigure 8, remain in a spherical shape
uncertainty in the radius retrieval. similar to those observedFigure &. These particles clearly

The reason that aqueous NaMiBbplets nucleate at times did not gbsorb Water.while stored'at 60% RH. Frqm these
later than 2 s into evaporation exhibit agfent PF to those observations, we can infer that particles were depos¢ed in two
that nucleate crystals earlier in the process could be a viscod#j@se states, consistent wiiljure 1 For the fraction
driven eect. If ion-pair formation and nucleation can occur€maining spherical in shape on elevation of RH, we can
quite soon after solute saturation is reached, there may stillsume that crystallization occurred on drying; then, a
su cient water present to act as a plasticizer and ensure a le¥¥/stalline particle is unable to absorb water at 60% RH and
of ion mobility that can support subsequent crystallizatiol$ only able to deliquesce at higher RH (75%). By contrast, the
throughout the rest of the droplet. The droplet will thusparticles observed to absorb water and spread out are unlikely
display a PF representative of a completely crystallized partitfe have crystallized during the initial drying step, forming
However, a droplet that nucleates after 2 s does not retaifstead amorphous particles. In the absence of crystallinity,
su cient water to act as a plasticizer, suppressing interrfese particles can absorb water at 60% RH.

di usion within the particle. This can lead to crystal nucleation All of the dried NaN@sample that was stored at{98%

at multiple unconnected sites within the particle, giving rise f8H prior to SEM imaging dissolved and spread out on the
phase functions indicative of the presence of inclusions witlgfass slide, as showrfigure 8. As 90% RH is higher than
the nal particle. the deliquescence RH of NafN@ll particles in this sample

Ill.c. SEM Images of Dried NaN©OParticle Morphol- could absorb water during the raised RH step, i.e., both the
ogies. Particles of NaNQdried under the same conditions particles that had nucleated crystals and those that had not.
(0% RH, 293 K) as the data reportedFigure 2were Combined, the particle morphologies reportelignre 3
collected on a glass slide and imaged with scanning electm rm the interpretation of our kinetics measurements
microscopy Kigure &). Two additional samples were reported inFigure 1which show the occurrence of NgNO
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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 dehydr&tienydration 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: blu
homogeneous, spherical; red = crystalline, nonspherical; and yellow = spherical with inclusions.

nucleation and crystallization in drying droplets to be variablggattering seen in evaporating NadllOplets can be used to
with some droplets not appearing to nucleate crystals at allde ne the time at which nucleation occurs.

In the CK-EDB, the RH of the nitrogen gas passing over a lll.d. Observing Variable Nucleation Behavior in a
trapped particle can be rapidly changed (over a time scaleSifgle Droplet. Nucleation can occur through one of two

0.1 s) by switching between two gews of dierent mechanisms: homogeneous or heterogeneous. Typically, at
humidity. Thus, the RH cycling experiment described folow levels of supersaturation homogeneous nucleation in
collected samples, observing how dried particles behave wiwnrganic salt solutions is a rare event and occurs over very
exposed to an increased humidity, can be performed forleng time scales. Heterogeneous nucleation is caused by the
single trapped particle. The processing of two aqueous droplptesence of surfaces, dust, or impurities and is often the
of 20 wt % NaN@ dried into an RH lower than the ERH and dominant route to crystallization as it can occur at a lower
exhibiting crystallization, are showRijure 4,c. When the  degree of solute supersaturation. An aerosol droplet on the
RH is stepped up to 90% Figure 4, the trapped droplet order of micrometers in radius has the absence of any surface
deliguesces, demonstrating that indeed the transition obsenal a low probability of dust or impurity being present; hence,
at 12 s was eorescence and the particle in the trap wasvery high degrees of solute supersaturation can be reached
crystalline (corrmed by the particle phase function). When without any heterogeneous nucleation taking placeafsee
the RH is stepped up only to 65%igure 4, i.e., below the 1). Hence, aerosol droplets can serve as a contactlessicon
DRH of 75%, the crystalline particle, inferred from its phase
function, does not deliquesce. By confagtres 4 and4d Table 1. Solute Concentration and Degree of
show two droplets that did not undergo crystallization withirsupersaturation for a NaNDroplet That Has
the trap when dried to below the ERH, remaining adsquilibrated to a Range of RHs and Not Yet Nucleated
amorphous particles. In both cases the droplets are obsergystals, Calculated in Terms of Molarity
to reabsorb water when the RH in the trap is stepped up t~

either 90% or 65% RH (%) concentratiéh(g le) supersaturation at 293 K
The color scheme of the data pointSifure 4s the same 40 1480 2.60

as that used fRigure 2wherein blue indicates a homogeneous ~ 3° 1650 2.89

and spherical droplet and red and yellow indicate nucleation, i;ig ggg

either complete crystallization or in the form of smaller nuclei
inclusions, respectively. The calculated water activity at certain 15 1940 3.40
time points is indicated, which is estimated from the radius agoncentration at solubility limit (0.465 MFS) = 576 L
follows. The mass and dry radius of pure NaN@ach
droplet can be calculated by using the known initialolume in which to probe homogeneous nucleation processes.
concentration of NaN{and the initial droplet radius. Thus, The nucleation observed in an aerosol droplet is directly a
for each radial point, a radial growth factor can be retrievegsult of the stochastic process of homogeneous nucleation:
which relates to a water activity as outlined by the knowthe random and rare event that ion pairs form and arrange into
hygroscopicity of the NaN@erosol? The crystalline particle  a crystal nucleus.

in Figure ¢ only becomes an homogeneous liquid droplet To demonstrate that the dirences in the nucleation and
above a water activity of 0.75, which is the DRH. Hence, asdrystallization behavior observed within the population of
Figure 3 we see water uptake by amorphous particles at MlaNO; droplets are not caused by the presence of impurities
RHs but only water uptake above the DRH for crystalliner dust present in only a fraction of the particles, a single
particles. This also serves as further evidence that the liglueous NaNQdroplet of initial concentration 20% solute
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Figure 5.(a) Radius evolution of a single agueous Nalkifplet (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 eve
drying event.

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

Figure 7.(aSe) Modeling results of the time-dependent internal solute concentratemaglong the cross section of an aqueous Jhbidet

in Figure @ as it evaporates into varying RHs, whetbe 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 tt
NaNG,; bulk solubility limit at 293 K. (f) Comparison between the time-dependent concentration;ait laNdoplet surfacelled) and the

droplet center (dotted) for an aqueous NaNfplet drying at 15% and 40% RH.

weight was repeatedly evaporated in a series of RH-switcharmgorphous, absorbed water from the gas phase and grew in
experiments. First, the droplet is evaporated into 18% RHdius. Once the droplet re-equilibrated to its initial starting
(below the ERH for NaN{pand retained for a period of 30 s gjze, the gasw was switched once more to 18% RH, and the

to see whether nucleation and crystallization occur. FOHOWi'égaporation of the droplet was monitored. This process was
crystallization (determined from monitoring changes in the '

phase function), or at the end of a 30 s time period over whi(.fl"?p‘:"ate_d many .tir.nes, Wi_th the resulting radius Vs t.inme pro
no phase change was observed, the RH was rapidly switche@tgWn in black ifigure &; the RH (as a function of time) is
an RH of 90% (above the DRH for Naj\By using the CK-  shown in red, clearly denoting the switching of theogas

EDB dual gasows. The particle, whether crystalline or The time at which nucleation and crystallization occurred is

6031 https://dx.doi.org/10.1021/acs.jpch.0c04079
J. Phys. Chem. 820, 124, 60286036


https://pubs.acs.org/doi/10.1021/acs.jpcb.0c04079?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c04079?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c04079?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c04079?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c04079?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c04079?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c04079?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c04079?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c04079?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c04079?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c04079?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c04079?fig=fig7&ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://dx.doi.org/10.1021/acs.jpcb.0c04079?ref=pdf

The Journal of Physical Chemistry B pubs.acs.org/JPCB

Figure 8.(a) Radius evolution of 20% NaNfPoplets evaporating into 0% RH at varying gas-phase temperatures in the CK-EDB. (b) The time-
dependent distribution of nucleation events across a population of 50+ droplets for eacHfaMakdle@ concentration ples across a

droplet cross section for the drying evenSZBK in (a), whereis the distance from the droplet center. The data are plotted every 0.1 s, with
the time indicated every 1 s.

evident from the large increase in noise in the reported drople¢aks at a maximum value that increases as the evaporation
radius. occurs in lower RH. At 15% RH, the maximum surface
The data irFigure & show that the same aqueous NaNO concentration predicted by the model before crystal nucleation
droplet, held continuously in the trap for multiple RH cyclespccurs is 1590 g°'t, or 18.7 M, which corresponds to a degree
exhibited a derent e orescence time each time the droplet isof supersaturation in molarity space of 2.48. All droplets
dried. On some occasions the droplet did notesce during  nucleate crystals by the time that this maximum in super-
the 30 s time window allocated for the RH switch, while irsaturation is reached. It is likely that nucleation occurs at the
other cycles it nucleated in only Bigure b shows the time-  surface, where there is a very steep concentration gradient,
dependent decay (over all the evapofatimmdensation shown by the model. For a RH of 20% and higher, a fraction of
cycles) for the liquid droplet as a function of time. Tiise droplets do not nucleate crystals even when the peak in solute
demonstrates that the variation in nucleation time during theoncentration is reached. The droplets remaining then have a
evaporation of many droplets in a series cannot be caused ardycentration gradient that levels out across the droplet as bulk
by di erent droplets containing varying amounts of impuritiedi usional mixing outweighs the evaporative of water
or dust because here each drying event has the same exact leasig the surface. At long time scales, these droplets would
of NaNGQ; with the same potential for impurities. We caneventually achieve a radially uniform solute concentration, with
conclude that the variability observed in Nahi@leation a higher equilibrated solute concentration that is greater for the
times is dominated by the stochastic nature of crystéddwer RHs. A higher solute concentration leads to a higher
nucleation. chemical potential and greater drive for crystal nucleation. The
Ill.e. Variation in Nucleation Propensity for NaNQ at degree of supersaturation in terms of the molarity calculated by
Di erent RHs.The droplet-to-droplet variation in nucleation using the E-AIM model can be as high at 3.48 for an
time observed in NaNQiroplets can be observed across auncrystallized droplet that has equilibrated at 15%, as shown in
range of experimental conditiofsgure @ reports the  Table 1°® The time evolution in the NaN®oncentration at
crystallizing fraction of evaporating droplets interedit the surface and at the center for droplets evaporating into 15%
RHSs. It must be noted that the initial droplet size for the 20%nd 40% RH is comparedrigure 7. A very large degree of
and 25% RH data sets is lower; a version ofjtims with the surface enrichment is inferred to occur at a drying RH of 15%
data normalized for the initial starting radius allowindwith a large disparity between the center and the surface).
comparison of the evaporation rates is presented in thdowever, for drying at 40% RH, an enriched surface reaches a
Supporting Information (Figure Sbhe time dependence for limiting maximum solute concentration, and the evaporation
the nucleating fraction of droplets across a large populaticate then reduces, leading once more to a homogeneous
(70+ droplets in each case) is showfidgnre 6. As droplets  droplet after 10 s.
evaporate at lower RHs, the percentage of droplets thatlll.f. Variation in Nucleation Propensity at Di erent
nucleate in a 10 s experimental window is seen to increase, dednperatures. As part of the exponent ieq 2 the
crystallization is observed to occur at earlier times. The reasé@siperature is an imential factor in classical nucleation
behind this are evident from the modeled concentratiotheory, acting to increase the nucleation rate with increasing
pro les within the evaporating droplet, as showigime 7 temperature with all other quantities being equal. The increase
The NaNQ concentration at the surface rises more quicklyn temperature leads to a greater degree of thermal motion of
when drying into lower RH. the ions, leading to a greater chance for the necessary
The general trend in the concentration Ipg shows a interactions to occur that lead to nucleation. Indeed, with an
steep rise in surface solute concentration with time, whidhcreasing gas phase temperature, the likelihood of forming a
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Figure 9.(a) Radius evolution of NaN@roplets 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 surfac
concentration. (d) Time-dependentlBenumber. gh) Modeled concentration pfes across a droplet cross section for the drying events in

(a), wherg 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 tt
bulk solubility limit.

crystal nucleus in an evaporating NatOplet increases, as lll.g. Variation in Nucleation Propensity for Di erent
shown inFigure 8. The proportion of droplets remaining Starting Concentrations. The concentration dependence
uncrystallized falls from 100% to 0% within only a few hundragon the nucleation propensity of aqueous NalsO
milliseconds at 306 K; at 278 K, the time for droplets tademonstrated irfrigure 9 where the initial concentration
nucleate crystals spreads over several seconds, and the majoesyvaried for dérent populations of droplets evaporating at
of droplets do not display nucleation within the experiment&85 K and 0% RH.
window. At colder temperatures, the droplet evaporation rateThe chance of forming a crystal nucleus varies as a function
decreases, as showRigure &, which leads to a greater time of time in each case. The evaporation rate of the lower solute
available for nucleation. However, the nucleation rate is lonayncentration droplets is slightly faster, as shéwguie 8,
at 278 K, and even with the slower evaporation rate, thdue to the greater vapor pressure of water arising from a lower
droplet loses all of its water through evaporation beforsolute activity. Hence, the droplets in these measurements
contact-ion pairs have time to arrange into a crystal nucleusiould be exposed to a greater degree of evaporative cooling.
The distribution of nucleation events in evaporating NaNOLiquid droplets of 25 m in radius evaporating into dry air
droplets at varying temperaturgsigure 8 can be converted have been shown to fall to several tens of degrees colder in
into a half-life,, of remaining uncrystallized droplets temperature than the surrounding gas tempét&times, the
taken as the time taken for half of the droplets in each data $e¢nd in nucleation propensity reporteéigure 9s a result
to nucleate crystals, out of those that do nucleate within thef the interplay between nucleation rate at the droplet
experimental window of 10 gelates to the inverse of the temperature and the time available for crystals to form. The
nucleation rate, so accordingdd, plotting In() against 1T modeled concentration ples of the droplets evaporating
whereT is the gas-phase temperature yields a straight line witkith di erent initial starting concentration are shown in
gradientS G*/kg. This is shown iffigure 8, wherein the  Figures €Sh. For the droplets with the lowest initial
gradient of the straight-line(black line) is 430& 300 K. concentration dropleE{gure ®), there is little time available
This enables the calculation of the Gibbs free energy barrierftr crystallization because the whole droplet is far below the
nucleation, G*, as 36t 3 kJ mot’. Fitting a straight line to  bulk solubility limit until quite late into evaporation. When
this plot validates the Arrhenius form of the nucleation rate @ventually it does surpass the solubility limit, the solute
NaNG; in eq 2 showing that the nucleation is an activatedconcentration at the droplet surface is very high due to the
process. huge degree of enrichment from the rapid evaporation, and
The modeled concentration ges in evaporating NaNO  nucleation occurs rapidly. Conversely, a slightly higher initial
droplets (20% w/w) in 0% RH at 293, 285, 280, and 278 K areoncentration of 50 or 200 g'lleads to a more gradual
reported inFigures 8Sg, respectively. The maximum solute degree of surface enrichment during evaporation, and some
concentrations achieved at the surface of the droplets atmplets nucleate crystals before the surface of the droplet
similar because the droplets are all evaporating into dry air dmelcomes too viscous. 5
reach approximately the same equilibrated radius, as shown iA droplet starting at a concentration of 43#'gslalready
Figure &. This demonstrates that the NaMOcleation rate  quite close to the NaN®ulk solubility limit of 642 g°tand
is strongly temperature dependent and is not just dependestaporates at the slowest rate. When it passes the solubility
on the degree of supersaturation reached in a droplet. limit, it has the longest crystallization window of all
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evaporation conditions reported kigure 9 This is crystals in the time window taken for the water to evaporate,
demonstrated ifrigure 8, where the black line shows the leaving an amorphous dry particle. The distribution of
evolution of the surface concentration of the droplet with aucleation time is dependent upon the drying conditions
starting concentration of 434 g'.LThe solubility limit is  (temperature, RH, and initial NajN®oncentration). We
surpassed at the surface very rapidly, and hence, there is a loglggve that the reason behind this interesting nucleation
time window for crystals to nucleate before the drying ibehavior is that the viscosity of NaNGlutions can increase
complete. This argument does not explain why the dropleis 4S5 orders of magnitude as the solute concentration rises,
starting with the lowest concentration (1¥%ynucleate very  which in turn reduces the nucleation rate at very high
rapidly and reproducibly despite the smallest time windosupersaturations. There is a competition between nucleation
available for crystal nucleation. The nucleation behavior @te and the time available for crystallization (the drying time),
droplets of this starting composition may be related to hownd this interplay controls the ratio of amorphous or
rapidly the surface concentration rises at the end afrystallized dry particles. This data set of nucleation rates
evaporation ifrigure 8. The evaporation ratdsiqure 8) under dierent conditions would be useful for validating
can be compared to the rate otidional mixing at the droplet models of nucleation rates of viscous droplet drying, which is
surface, from the surface concentratiaiu(e 8), by using important for product control in spray drying.
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binary diusion coecient of aqueous NaN@t the droplet Examples of the elastic light scattering patterns of the
surface. The time-dependedfor the evaporation data sets in laser I?ght by droplets exhigbitingeuiént m%rghologies;

Fﬁureﬂ? are showtr) n pe:ne_-l ?‘P Atgretahter ttrr‘]an 1trep;;§elnts a schematic diagram of the setup of the falling droplet
when the evaporation rate IS faster than thé rateusiomia column instrument; a comparison between the exper-

mixing. ThusPe> 1 indicates that the droplet may become imentall - - ; ;
) X . . y obtained droplet radii during evaporation and
enriched with solute at the surface and that the viscosity is the the tted model; the viscosity of aqueous NahOa

limiting factor in the mass transport during evaporation. For all function of solute concentration and temperature; and
initial NaNQ concentrations, thBeincreases to a similar the binary diusion coecient of aqueous Nal\gd

maximum value(gure 8), but the time window for which solutions as implemented in the model presented in
the highPeis mainfta'ined, W.h(.ere the e_vaporation rate is' much this work, normalized evaporation rates of NaNO
gtrgf':;[r?gr] tgg:c?rig;cl)?fal mixing rate, is longer for the higher droplets under varying RHa(P)
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