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ABSTRACT: Mineral dust can indirectly impact climate by nucleation of atmospheric
solids, for example, by heterogeneously nucleating ice in mixed-phase clouds or by
impacting the phase of aerosols and clouds through contact nucleation. The
effectiveness toward nucleation of individual components of mineral dust requires %
further study. Here, the nucleation behavior of metal oxide nanoparticle components

of atmospheric mineral dust is investigated. A long-working-distance optical trap is +H20

used to study contact and immersion nucleation of ammonium sulfate by transition-
metal oxides, and an environmental chamber is used to probe depositional ice
nucleation on metal oxide particles. Previous theory dictates that ice nucleation and i@
heterogeneous nucleation of atmospheric salts can be impacted by several factors

including morphology, lattice match, and surface area. Here, we observe a correlation
between the cationic oxidation states of the metal oxide heterogeneous nuclei and their
effectiveness in causing nucleation in both contact efflorescence mode and
depositional freezing mode. In contrast to the activity of contact efflorescence, the same metal oxide particles did not cause a
significant increase in efflorescence relative humidity when immersed in the droplet. These experiments suggest that metal
speciation, possibly as a result of cationic charge sites, may play a role in the effectiveness of nucleation that is initiated at particle
surfaces.
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KEYWORDS: contact efflorescence, immersion efflorescence, depositional ice nucleation, metal oxides, surface potential, ammonium sulfate,
aerosol interfaces

1. INTRODUCTION of aerosols and clouds through collisions resulting in contact
efflorescence, where efflorescence is defined as the crystal-
lization of dissolved solute.’™""

Past laboratory studies have shown that mineral dust can be
an effective and common ice nucleus.””"® Some models
suggest that freezing of mineral dust in the immersion mode is
the primary route of atmospheric ice nucleation, and several
freezing studies have been performed on mineral dusts,
including illite, montmorillonite, Arizona Test Dust, and
kaolinite in the immersion mode as well as in the deposition
mode."*™"* In particular, it has been shown that feldspars,
notably alkali (sodium- and potassium-containing) feldspars,
are outstanding ice nuclei and may be responsible for the
excellent ice nucleation properties of mineral aerosols, both as
deposition nuclei and in the immersion mode."”~** Many
factors have been shown to contribute to and impact ice
nucleation, such as surface defects, cracks, and pores.23_26

Mineral dust is a significant aerosol component of the
atmosphere with an estimated source of approximately 2000
teragrams emitted per year.' Arid regions including deserts
account for a large source of mineral dust, and particles can
travel distances of thousands of kilometers over the course of
several days. It is estimated that approximately one-quarter of
mineral dust emissions originate from anthropogenic and
agricultural activity, while three-quarters originate from natural
sources.” However, due to a combination of agricultural
expansion and increased likelihood of drought due to climate
change, sources of atmospheric dust loading have been shown
by aerosol optical depth observations to have increased by
approximately 5% per year since 2000.” As such, it is vital to
follow and identify the impacts of mineral dust on atmospheric
processes.

It is well established that atmospheric aerosol particles
including mineral dust play a significant role in atmospheric
radiative balance.* In addition to direct effects, mineral dust Received: December 2, 2022

can indirectly impact climate by nucleation of atmospheric Revised: ~ March 16, 2023 i |
Accepted: March 17, 2023

Published: March 30, 2023

solids. For example, field studies of cirrus cloud residuals by
Cziczo et al. reveal that over 60% of heterogeneous ice
residuals from cloud encounters consist of metals and

minerals.” Mineral dust particles may also impact the phase
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Other potential factors include particle morphology, compo-
sition, and the presence of organic coatings. The focus of the
present work is a systematic study regarding a previously
unreported trend as a function of the metal oxide oxidation
state. Future studies could attempt to link oxidation state and
other known ice-nucleating parameters to gain more molecular
insight.

In addition to ice nucleation, studies have shown that
mineral dust and its components can induce heterogeneous
efflorescence of common atmospheric salts. Ushijima et al.
displayed evidence that common mineral dusts such as illite
and montmorillonite can instigate heterogeneous efflorescence
of ammonium sulfate (AS) and sodium chloride droplets via
both immersion and contact modes at higher relative humidity
than that of homogeneous efflorescence; that study found only
a small impact from immersion efflorescence and a much larger
influence from contact nucleation.”

While the previous studies make it clear that mineral dust
can provide excellent nucleation sites for heterogeneous
nucleation in both the freezing and efflorescence modes, the
role of the various components of mineral dust is still
uncertain, as is the nucleation mechanism. Han and Martin
have shown that inclusions of Al,O;, TiO,, and ZrO, can act as
heterogeneous nuclei (HN) for efflorescence when internally
mixed with droplets of ammonium sulfate. In the studies by
Han and Martin, their inclusion raised the relative humidity of
efflorescence (ERH) by up to 30% relative to homogeneous
efflorescence, via immersion of the metal oxide nanoparticles
within the salt droplet.”” However, contact nucleation in
particular lacks experimental study for metal oxide particles.
This is true in the context of contact ice nucleation as well as
for the contact efflorescence of salts.

To address these knowledge gaps, this study examined
heterogeneous nucleation caused by metal oxide components
of mineral dust. Here, the umbrella term heterogeneous nuclei
refers to particles that can act as contact efflorescence nuclei,
immersion efflorescence nuclei, or deposition ice nuclei.
Depositional ice nucleation is studied on five mineral oxide
particles, and the ice saturation ratio, S;., required for
nucleation is reported. For these studies, an optical microscope
is utilized, equipped with an environmental chamber to probe
depositional ice nucleation on single particles deposited on a
plate. Further, the same five mineral oxide particles are used to
probe contact and immersion efflorescence of ammonium
sulfate. A long-working-distance single-particle optical levitator
is used to trap aqueous droplets in a flow cell and induce
contact nucleation with the metal oxide nanoparticles. The
optical levitator is used to study single droplets suspended in
air, allowing observations of single collisions with single
droplets. Immersion efflorescence is also studied with single
droplets by allowing several collisions to occur before lowering
the relative humidity (RH). Finally, the effectiveness of mineral
oxides toward ice nucleation and contact efflorescence are
compared to explore the driving forces of nucleation. Although
our samples are not directly representative of atmospheric
mineral dust, which possesses many metals with varying
oxidation states, the purpose of this study is to identify the
nucleation results of the metal oxide components of mineral
dust samples that could be found in the atmosphere and to
identify trends of nucleation activity.
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2. EXPERIMENTAL SECTION

2.1. Metal Oxides and Materials. Common metals are
known to easily oxidize in atmospheric conditions; as such, this
study investigated stable oxides of common metals. Nontoxic
metal oxide nanoparticles of transition metals were utilized as
heterogeneous nuclei (HN). The species were chosen for their
discovery as effective ice nuclei or abundance in atmospheric
aerosol and selected so that the suite of nuclei possessed a
range of metal cation oxidation states in the ionic oxides. Their
ability to support depositional ice nucleation as well as contact
efflorescence of ammonium sulfate salt was probed. Metallic
nanoparticles linked to well-known toxicity effects were not
included in the studies.

The ammonium sulfate (99.8% purity) used in this study
was acquired from Fisher Chemical. The zinc oxide, copper
(1) oxide, and iron (III) oxide were acquired from Sigma-
Aldrich with stated diameters of <100, <50, and <50, nm,
respectively. The titanium (IV) oxide powder, also acquired
from Sigma-Aldrich, had an unspecified particle size, with an
average particle diameter less than 5000 nm according to
manufacturer specification. Vanadium (V) oxide was pur-
chased from Nanoshel at 99.9% purity at diameters of <100
nm. All aqueous or water slurry solutions were prepared using
high-performance liquid chromatography (HPLC)-grade water
from Fisher Chemical. Compressed nitrogen gas canisters used
as carrier gas and for relative humidity (RH) control were
purchased from Airgas.

A scanning mobility particle sizer (SMPS) was used to attain
the size distribution profiles for the five species of metal oxide
heterogeneous nuclei. The SMPS instrument consists of a
differential mobility analyzer (DMA) (TSA Electrostatic
Classifier Model 3080 and TSI Long DMA Model 3081)
utilizing a Polonium-210 neutralizer, connected with 107
rubber tubing to a condensation particle counter (CPC) (TSI
Model 3775). For each of the five metal oxides, a 0.5%
colloidal slurry by weight was prepared in water and
aerosolized using a medical-grade nebulizer. The aerosols
then entered a silica-gel diffusion drier before entering the
SMPS. A LabView program processed the data, allowing for
analysis of size distributions. It should be noted that we do not
have shape information on the aerosolized dried particles so
the assumption of spherical particles may lead to significant
errors in size. The size distribution profiles can be seen in
Figure S1. The profiles varied in size, with mode diameters
ranging between S5 and 310 nm. Three of the profiles were
unimodal, while the zinc and titanium oxides were multimodal.
The mode diameters recorded with the SMPS are ~5 times
larger than the expected manufacturer dry size. The increase in
size could be due to the hydration and subsequent drying of
the particles, their nonsphericity, or particle agglomeration.

In contrast to the aerosolized particles, the agglomerates
produced in the cold cell have diameters of >100 um.
Although the physical shape and size of the metal oxide
material are different in the two experimental modes (ice
nucleation vs heterogeneous efflorescence), the goal of this
paper is to identify overall trends regarding the potential role of
oxidation state, and less so to directly compare the two modes
of nucleation. The five metal oxide slurries were imaged using
the cold-cell optical microscope, described in Section 2.2.1; the
images are seen in Figure S2. In addition to microscope
imaging, the five oxides were also spectrally observed using a
second imaging instrument, an Oriba LabRAM HR Evolution
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Figure 1. ((a) Left) Simplified schematic of the cold-cell microscopy chamber, adapted from Fernanders et al.>' The temperature is controlled by
an input of liquid nitrogen, and the RH is controlled by a combination of dry and wet gas flow. The sample is monitored by an optical microscope
and a CCD camera. ((b) Right) Simplified schematic of optical levitator cell, adapted from Ushijima et al."’ Included with the CCD camera is the
far-field imaging of levitated ammonium sulfate before (left) and after (right) contact efflorescence with a zinc oxide HN.

Raman Spectrometer belonging to the Raman Microspectro-
scopy Lab at the University of Colorado Boulder. For both
instruments, the slurries were dried on their slides before
imaging. The imaging as well as the spectra allowed for
confirmation of the samples’ purity as well as their crystallinity.
The TiO,, ZnO, and CuO samples were confirmed,
respectively, to be crystalline samples of anatase, synthetic
zincite, and synthetic tenorite by the RRUFF database,
matching the published Raman spectra.”® The V,0; and
Fe,0; (maghemite) samples were confirmed as crystalline
forms from other literature spectra.””*° The Raman spectra are
also displayed in Figure S2.

2.2. Experimental Chambers. Schematic diagrams of the
experimental chambers used in the present study are shown in
Figure 1. Ice nucleation experiments were performed in an
optical microscope chamber shown in Figure la, while
efflorescence studies were performed in an optical levitation
cell, Figure 1b. Both experiments are detailed briefly below.
The two instruments allow for observation of distinct forms of
nucleation, and as such provide information together which
could not be retrieved from one alone. In previous work, we
have used the two instruments in tandem to investigate
efflorescence patterns of Mars-relevant chlorate salts.*" In that
study, we found that the two instruments gave consistent
results, for example that aqueous sodium chlorate droplets
demonstrate homogeneous eftlorescence at 25% RH at -6 °C
in the cold cell and at 17 + 5% RH at 23 °C in the levitator.
We also found consistent measurements from both instru-
ments indicating that aqueous magnesium chlorate droplets do
not demonstrate homogeneous eftlorescence at any meaningful
RH down to 3% RH.

2.2.1. Depositional Ice Nucleation Studied via Cold-Cell
Microscopy. Ice nucleation experiments were performed using
an environmental chamber, cooled by liquid nitrogen, and
fitted with an optical microscope. The cold cell has been
described in detail by Baustian et al.>* Colloidal slurries of the
five insoluble metal oxides were prepared, with concentrations
ranging from 0.1 to 0.5% by weight depending on the opacity
of the resulting solution. The colloids were shaken by hand and
nebulized using pressurized nitrogen onto a quartz slide, and
the slide was placed onto an iridium-coated steel block inside
the chamber. The chamber was then sealed, and dry nitrogen
passed over the droplets to evaporate the water prior to an
experiment, leaving particle agglomerates on the slide.

The temperature inside the cell at the time of ice formation,
and the frost point read from the hygrometer (Buck Research
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Instruments Chilled Mirror Hygrometer CR-1A), are used to
calculate the onset ice saturation ratio (S,.) values for each of
the metal oxides, where S, is calculated as the ratio between

the amount of water vapor in the air (Py,o) to the equilibrium

vapor pressure of ice at that same temperature T (VP,.,)

Pyo (T)
VPice (T)

The microscope is focused onto dried crystals of the metal
oxide atop the slide, allowing visual studies as temperature and
RH within the cell were changed. The humidity in the cell is
controlled by passing the carrier gas flow through a glass
bubbler flask filled with water, after which it was combined
with a dry flow. The flows were held constant during an
experiment to produce a constant partial pressure of water in
the system. The temperature controller uses liquid nitrogen to
cool the block inside the cell. As the temperature in the cell is
lowered, the RH increases. In a typical experiment, temper-
ature was lowered at a rate of —10 °C/min until S,
approached 1.0. Then, the rate of cooling rate was lowered
to —0.5 °C/min and lowered once more to —0.2 °C/min when
Sice approached 1.2, until ice crystals were spotted growing on
the metal oxide agglomerates. At that point, the temperature of
the cell was raised at a rate of 10 °C/min until the ice crystals
sublimed. In every case in which ice was observed, sublimation
of the ice revealed that nucleation had occurred on the metal
oxide and not the quartz substrate.

2.2.2. Heterogeneous Efflorescence of Levitated Ammo-
nium Sulfate Droplets. Contact efflorescence was studied
using an optical levitator as described in detail by Davis et al.”
In brief, a beam from a neodymium-doped yttrium aluminum
garnet (Nd:YAG) green laser is split into two counter-
propagating beams. The upward beam possesses a Gaussian
profile, while the downward beam possesses a Bessel profile.
The radiation pressure from the laser, in addition to a
controlled upward flow of gaseous nitrogen, balances against
the force of gravity to vertically stabilize an aqueous droplet
inside of the levitator flow cell. Increased axial stability is
provided by the Bessel beam.

The RH in the cell is controlled by passing a fraction of the
nitrogen gas flow through a glass bubbler flask filled with water.
Mass flow controllers are used to vary the ratio of dry air to wet
air, allowing manual control of the relative humidity in the flow
cell. The humidity is then measured by RH probes (Vaisala
HMP60 or Vaisala HMP110) at both the entrance and exit to

Sice (T) =
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Figure 2. (a) Ice formation around an agglomerate of vanadium (V) oxide at —35.49 °C and S;., = 1.054; (b) ice sublimation from the dry metal
oxide agglomerate at room temperature, approximately 25 °C; and (c) ice formation on copper (II) oxide at —36.39 °C and S,., = 1.265, and (d)

after warming to 25 °C.

the flow cell. The RH inside the cell is reported as the average
value measured by the two RH probes. Discussion of error can
be found in the Supporting Information. This work was
performed at ambient room temperature, approximately 27 °C.

To prepare aqueous salt droplets to be levitated, a 5% by
weight salt solution of ammonium sulfate (AS) was filtered
through a 45 pum cellulose acetate filter and loaded into a
MicroFab droplet dispenser (MJ-ABP-01-20). The dispenser
generates droplets of the aqueous solution into the upward air
flow inside the flow cell. The cell is then shifted on a
horizontally sliding scale to center the falling salt droplets in
the path of the laser, allowing a droplet to be trapped behind
the cell window. The trapped AS droplets possess diameters of
approximately 15 ym.’

To prepare the heterogeneous nuclei (HN), a 5% by weight
metal oxide slurry was made with HPLC-grade water. The
mixture is sonicated to disperse the insoluble particles. The
slurry is loaded into a medical-grade nebulizer (Omron NE-
U22), and aerosolized directly into the dry nitrogen air flow,
where it is carried into a diffusion drier with RH < 10% to
remove water and then into the flow cell to make contact with
the levitated salt droplet.®

The stream of metal oxide particles in the upward gas flow
are visible in the levitation cell window due to laser scattering.
As revealed by studies using the same instrument and flow rate
by Ushijima et al., for a trapped droplet introduced to a stream
of HN for 60 s, the droplet is exposed to an average of
approximately one collision every 10 s.” The method of
determining the heterogeneous relative humidity of contact
efflorescence (CERH) was also adapted from Ushijima et al.”
Experiments were performed by levitating an ammonium
sulfate droplet and setting the relative humidity (RH) greater
than the homogeneous efflorescence RH of ammonium sulfate
(36 + 2%) but lower than the deliquescence RH (80%).”
Metal oxide particles were then allowed to collide with the AS
droplet.
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In contact experiments, if contact efflorescence did not take
place within 60 s (after approximately six collisions), the
droplet was discarded by rapidly moving the stage, disrupting
the radiative balance of the beams. For replicate observations, a
new droplet was captured. Five trials were performed for each
metal oxide pairing with ammonium sulfate at each relative
humidity. The RH was then lowered and additional contact
experiments were performed until an RH was reached where
contact efflorescence was effective.

In immersion experiments, the ammonium sulfate droplet
was allowed to remain in the particle stream for 30 s, at an RH
approximately 10% greater than the observed CERH, as not to
accidentally induce contact efflorescence. This resulted in
approximately three collisions. The particle stream was then
stopped, and the RH decreased at a rate of approximately 1%
RH/min to probe efflorescence.

To confirm that a crystallization event has occurred, a CCD
camera is utilized to observe the far-field imaging of the
droplet. The Mie scattering of a spherical, aqueous droplet
results in regularly spaced bands of light. After crystallization,
the bands disappear and are replaced by random scattering
patterns due to the crystal’s asymmetric geometry. In addition,
upon loss of water, the particle moves up vertically in the trap.
Previous work with this instrument has used Raman
spectrometry to confirm that the stochastic scattering image
does correspond to a loss of water and does represent an
efflorescence event.”'

3. RESULTS AND DISCUSSION

3.1. Depositional Ice Nucleation Studied via Cold-Cell
Microscopy. It is pertinent to note that the term “depositional
nucleation” is used here to signify the formation of ice on the
metal oxide agglomerate originating from the vapor form.
However, recent studies suggest that, below water saturation,
instead of water vapor depositing directly as ice onto the
surface of the ice nuclei, there are condensation events in pores
and surface imperfections that are followed by freezing
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events.””** For the purposes of this paper, the term deposition
will still be used for simplification of language.

Typical ice nucleation experiments on vanadium (V) oxide
and copper (II) oxide are shown in Figure 2. In this
experiment, ice nucleated at S, = 1.054 and 1.265 for
vanadium and copper oxides, respectively. In Figure 2a,c, ice
particles are visible in the center. In Figure 2b,d, after
sublimation, the metal oxide nucleation sites remain. In all
cases, ice particles were observed to nucleate on the metal
oxide agglomerate and not on the quartz slide substrate,
confirmed by the observed presence of a metal oxide
agglomerate underneath each ice crystal after sublimation.
Because ice nucleation is a stochastic process, it was not
possible to know in advance which specific agglomerate would
nucleate ice first in a set of nominally identical conditions.
Therefore, images of the metal oxides are only available after
ice nucleation. The goal of this paper is to address overall
trends regarding large numbers of particle agglomerates under
identical conditions, comparing different metal oxide species to
each other rather than individual metal oxide agglomerates.

The results from the cold-cell experiments for the five metal
oxides are summarized in Table 1. Each of the five metal oxides

Table 1. Depositional Ice Nucleation on Supermicron
Deposited Particle Agglomerates

approximate refs for previous ice
material Sice value” diameter (pm)” nucleation studies
Fe,0; 114 + 0.027 70 12,37, 38
V,04 1.07 + 0.015 100
Zn0O 1.23 + 0.048 130
CuO 1.24 + 0.04S5 120
TiO, 1.08 + 0.016 NV

“Results from this study. Ice nucleation was observed between —35
and —40 °C for all metal oxides. The error signifies the standard
deviation between the three trials for each metal oxide. “The reported
diameters are the sizes of the particle agglomerates seen in Figure S2.

was shown to be a suitable heterogeneous nucleus for
depositional ice nucleation, with average S, values ranging
from 1.07 to 1.24, all lower than the homogeneous value of
approximately S, = 1.5.” These metal oxide compounds are
also reasonably effective at depositionally forming ice when
compared to other mineral ice nuclei at this temperature;
Knopf and Koop found that Arizona Test Dust depositionally
forms ice at S, between 1.05 and 1.45 at —33 °C, and Salam
et al. found that kaolinite and montmorillonite form ice at S,
1.25 and 1.15, respectively, at =35 °C.>*** Further, secondary
organic aerosols derived from a-pinene have been shown to
nucleate ice depositionally at higher S,.. values, in the range
from 1.35 to 1.45, displaying the effectiveness of these metal
oxides.” The metal oxides observed in this study possess
reasonably low S, in the temperature range of —35 to —40 °C,
and therefore may be relevant to ice nucleation in an
atmospheric context.

It has been previously shown that there is a correlation
between ice nucleation ability and the crystal lattice match
between the heterogeneous nucleus with structure of ice.””
The calculation method employed is adapted from Davis et al.
and is described in the Supporting Information.*” Figure S3 is
a plot of the ice saturation ratio vs the lattice mismatch
between ice and the metal oxide crystals for the five metal

oxides. In contrast to previous work, there does not appear to

816

be a correlation between lattice match and the ice saturation
ratio among the five metal oxides. This is not entirely
unexpected, as lattice match is not the only factor that
determines the effectiveness of ice nucleation; Fitzner et al.
summarize these other factors including local surface liquid
ordering, density reduction of liquid, and the adsorption
energy landscape.*’

It has also previously been suggested that there could be a
correlation between ice nucleation and the surface charge
distribution on heterogeneous nuclei.*' Glatz and Sarupria
used molecular dynamics simulations with silver iodide and
water to posit that the orientation of the ionic charges affects
the efficiency of ice nucleation; they found that ice nucleation
occurred when the positive cation was positioned closer to the
surface near the interface with water, and was inhibited when
the negative anion was positioned higher. Studies by Zielke et
al. further demonstrate the charge dependence of liquid water
density profiles and the effect that it has on ice nucleation."”

Noting the effect that charge may have on ice nucleation,
our S, values are plotted against the oxidation state of the
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Figure 3. Ice saturation as a function of the oxidation state of the
metal oxide cation. Each point represents a trial of one metal oxide
agglomerate in the cold-cell chamber.

correlation is observed as the cation oxidation state of the
metal oxide is increased. The crystals with highly oxidized
metals show low S, values and therefore high ice nucleation
ability, and metals with low oxidation states show higher S,
values and therefore lower ice nucleation ability. While this
study did not take measurements of the surface potential of
solid particles into account, this correlation may provide
evidence for further charge dependence. In particular, the
oxidation state of a metal may influence water adsorption at
coordinatively unsaturated metal cation sites.”’ Ultimately, all
five of the metal oxides act as efficient nuclei. The similarity in
ice nucleation ability of copper (II) and zinc (II) oxides adds
weight to the theorized relationship, and future studies would
benefit from the investigation of other metal oxide particles
with different oxidation states to determine if the trend
continues and is robust.

Previous work performed by Kumar et al. investigated the
effect of aqueous salt solutions on the immersion freezing of
suspended mineral dust, finding that dilute acidic solutions
(eg, NH,") enhanced the ice nucleation ability of samples
such as feldspars and kaolinite, implying an effect of hydrogen
bonding on favorable ice nucleation.””" They concluded that
solute-surface ion exchange in slightly acidic environments
must be relevant to ice nucleation activity.*® Further work from
Worthy et al. shows that ammonium sulfate boosts the ice
nucleation activity of mineral dust while having no significant
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Figure 4. (Top) Droplet of AS before and after collision with an iron (III) oxide nanoparticle, at 54% relative humidity. (Bottom) Optically
levitated droplet of ammonium sulfate internally mixed via immersion with iron (III) oxide nanoparticles, at 54% relative humidity. At the same
RH, collision led to heterogeneous efflorescence while an internally mixed particle led to no change.

effect on most nonmineral nuclei, implying that the ubiquity of
ammonium sulfate in atmospheric aerosol could increase the
relevance of mineral dust in atmospheric ice nucleation.”” It
would be of interest to continue these studies of immersion
freezing in aqueous salt solutions with the metal oxide
components used in this study.

3.2. Heterogeneous Efflorescence of Levitated
Ammonium Sulfate Droplets. The same five metal oxides
were probed for their effectiveness in nucleating ammonium
sulfate efflorescence. Figure 4 shows an example of how
efflorescence is detected. The aqueous droplet displays a linear
Mie pattern before efflorescing, after which point the
ammonium sulfate crystal displays more chaotic imaging. In
the top images of Figure 4, a droplet of AS is observed by the
CCD camera at 54% RH, before and after collision with a
Fe,0O; nanoparticle (at t = 0 ms). In this experiment, contact
efflorescence occurred at 54% RH. In the bottom images, a
levitated droplet of AS has been internally mixed via
immersion with approximately 3 particles of Fe,O; at
approximately 65% RH, and then the RH lowered to 54%.
At 54%, the same RH at which contact efflorescence occurred,
no phase change was detected. Our indicator of crystallization
is the same for all metal oxides. However, the results of the
experiments (ie., the ERH) are different for each metal oxide.

Figure S shows the fraction of collisions that resulted in
contact efflorescence as a function of RH for each of the five
metal oxides. A fraction of O signifies that no efflorescence
events were observed under these conditions, while a fraction
of 1 signifies that every observed contact trial between
ammonium sulfate and the metal oxide led to efflorescence
of the salt droplet. At high RH above 73%, none of the metal
oxides induced contact efflorescence while at RH below 40%,
each metal oxide induced contact efflorescence above the
homogeneous ERH (~36%). For each metal oxide, a sigmoidal
curve was fit to the data point using IgorPro (see Figure 5).
The contact efflorescence relative humidity (CERH) is
determined at the point where the sigmoid curve obtains an
efflorescence probability fraction of 0.5. A high CERH value
signifies that contact efflorescence of AS can occur in wetter air
environments compared to homogeneous efflorescence. Note
that the CERH values cannot exceed the deliquescence relative
humidity of ammonium sulfate (80%), above which the
crystalline phase is not sustainable.
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Figure S. Five sigmoidal curve fits representing the fraction of
collision events of AS with each respective metal oxide, which resulted
in contact efflorescence, vs the relative humidity of contact
efflorescence. The CERH is defined as the point where the sigmoidal
fit crosses y = 0.5. Discussion of the error bars can be found in the
Supporting Information.

Table 2 displays the calculated CERH of ammonium sulfate
with each transition-metal oxide. It is seen that titanium (IV)

Table 2. Calculated Contact ERH Values and Observed
Immersion ERH Values

metal contact refs (and values) for
oxide vs ERH immersion  diameter previous immersion
AS (%)*  ERH (%)* (nm)” efflorescence studies
V,05  39+1 372 90
CuO 47 +£3 38+3 65
ZnO 48 £3 36 +4 5§
Fe,0;, 57 +7 36 +2 310 48,49 (35—60% RH)
TiO, 68+8  37+3 310 27,48 (65% RH)

“Discussion of error can be found in the Supporting Information.
*Diameters were recovered from the mode values from the SMPS
scans seen in Figure S1.

oxide induces contact efflorescence of ammonium sulfate at the
highest relative humidity value, signifying that it is the “best” of
the observed heterogeneous nuclei, while vanadium (V) oxide
leads to the lowest CERH value. It is currently unknown why
the heterogeneous nuclei with lower CERH appear to have
steeper sigmoid curves, while metal oxides with greater CERH
have shallower curves. For this data set, the slopes appear to be
steeper at lower RH, and thus higher supersaturation.
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However, this may not be generally true for all systems.” The
shallower slopes lead to larger uncertainty in the calculated
CERH at higher relative humidity.

For each metal oxide, experiments were also performed to
discern whether or not immersion efflorescence events would
occur. A levitated ammonium sulfate droplet was impacted
with metal oxide particles at a sufficiently humid RH such that
contact efflorescence would not occur, and thus the
heterogeneous particles would become immersed inside the
aqueous droplet. For each of the five metal oxides observed in
this study, the droplet containing approximately three metal
oxide nanoparticles did not efflorescence until reaching the
homogeneous efflorescence RH of ammonium sulfate within
error (36 + 2%; see Table 2), implying that the insoluble metal
oxides at this level were not able to induce a meaningful
immersion efflorescence event. Thus, it is clear that the same
metal oxide particles are more effective in causing nucleation in
the contact mode than in the immersion mode. This trend has
been observed previously; for example, Davis and Tolbert
observed that aqueous salt droplets could experience contact
efflorescence upon collision with charged polystyrene latex
(PSL) particles but would not effloresce if the PSLs and salt
solutions were internally mixed.® Thus, as suggested by that
study, efflorescence by these metal oxide nanoparticles may
require a hydration-mediated nucleation pathway requiring
nonequilibrium conditions that only follow a collision.

Table 2 includes results from previous studies of immersion
efflorescence of ammonium sulfate via iron oxide and titanium
oxide. Han and Martin report that inclusions of TiO, can raise
the ERH value of ammonium sulfate up to 65%, while Martin
et al. report that inclusions of hematite (Fe,0;) can raise the
ERH value of AS up to 60%. These values are both consistent
with the ERH values we report here for contact efflorescence
but are not comparable with our reported immersion ERH
values. It is possible that the difference arises in the quantity of
immersed HN in the droplet; Ushijima et al. displayed that the
effect of immersion efflorescence on ammonium sulfate
depends partially on the total immersed surface area of the
mineral dust illite, where the immersion ERH increases with
immersed surface area.” Han and Martin report particles with a
500 nm metal oxide with 700 nm coating of dry AS. Assuming
that the metal oxides and the AS are spherical, the immersed
surface area per total volume is equal to 0.785 um?® in 3.59
um?, or 0.219 pm?*/um?>. In contrast, each droplet in our study
contains approximately three immersed particles with mode
diameters as high as 310 nm, as can be seen in Figure S1, with
AS droplets with diameters of approximately 15 ym.” We thus
estimate the immersed surface area less than or equal to 0.9
um?® in a droplet of 1770 um? or 5§ X 107* um?*/um®. Our
immersed quantity is orders of magnitude lower than that of
Han and Martin, and so the effects on heterogeneous ERH are
not directly comparable. We chose this lower quantity of
immersed droplets to directly compare the effects of
immersion efflorescence with those of contact efflorescence.
It is likely that increasing the immersed surface areas of these
metal oxide particles could have a more substantial effect on
heterogeneous efflorescence behavior.

While our study did not investigate immersion freezing, an
interestingly similar trend has been reported in studies of
immersion freezing by ice-nucleating proteins, in which higher
concentrations of immersed protein produces a higher fraction
of frozen droplets.”” Similar to ice nucleation, it has been
suggested in previous work that a greater match between the
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crystal lattice structures of the HN and the salt droplet leads to
a higher probability of heterogeneous crystal nucleation, due to
an exaggerated mismatch preventing epitaxial growth.’
However, this does not appear to be true for the insoluble
metal oxide particles observed in this study with ammonium
sulfate. There is virtually no correlation observed between the
crystal lattice match and the contact efflorescence behavior of
the metal oxides with ammonium sulfate (see Figure S4).
Lattice match with AS was calculated in the same fashion as
was done with ice crystals in Section 3.1. This breaks with
previous patterns observed between ammonium sulfate and
soluble salts as well as with some mineral dust compounds,
where a moderate correlation could be seen below a certain
mismatch value.*’

Previous work done by Davis and Tolbert observes that
contact efflorescence may come about due to a transient ion-
specific destabilization of the aqueous phase upon collision at
the droplet surface.® It was seen that ions that more readily
approach a hydrophobic, charged surface (eg, NH,") will
display a lower transient increase in free energy, consistent
with lower CERH values. As such, it is considered that this
trend in ionic effects may play a role with these colloidal metal
oxide nanoparticles as well.

Figure 6 shows the CERH as a function of the cationic
metals’ oxidation state. There appears to be a linear trend
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Figure 6. CERH of AS upon contact with each metal oxide, as a
function of the oxidation state of the metal cation of the contact
nucleus.

among four of the five metal oxides. We posit that such a trend
may arise due to cationic sites on the metal oxide surface. In
particular, coordinatively unsaturated metal cation sites are
known to influence adsorption at metal oxide surfaces.”” In this
instance, a higher oxidation state might lead to stronger surface
interaction with sulfate ions at cationic sites on the metal oxide
surface. However, the CERH value of vanadium (V) oxide was
an outlier from this purported trend. It can be theorized that
the low CERH of the vanadium oxide, which breaks the trend,
is due to the low point of zero charge (PZC) for this metal
oxide. Here, PZC is defined as the pH at which the surface
potential on a colloidal particle is neutral, comparable to the
isoelectric point.”" At a pH above the PZC, metal oxides will
have a negative surface potential; at a pH below the PZC,
metal oxides have a positive surface potential. The PZC values
for the metal oxides used in this study can be found in Table
S2.

The Extended Aerosols Inorganic Model predicts that bulk
aqueous ammonium sulfate at 50% RH will have a pH of
approximately 4 ([H*] = 1.72 x 107* m).>” Because the PZC
of vanadium oxide is reportedly pH 3.2, ie, below the
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Figure 7. (a—c) Contact between a particle of TiO, (white) and a droplet of AS (green). Due to the high PZC and high oxidation state of the
metal oxide, transient ionic effects are observed at the surface (b), resulting in an efflorescence event (c). (d—f) Contact between V,0; (brown)
and an ammonium sulfate droplet. We posit that the low PZC of V,O; results in few if any transient ionic effects, allowing for continued stability of
the aqueous phase (f). Adapted from Davis and Tolbert.® For clarity, AS ions are not shown in (c) or ().

predicted pH of the ammonium sulfate droplet, vanadium
oxide may be expected to have a neutral or slightly negative
surface potential after colliding with the ammonium sulfate
droplet. In contrast, the other metal oxides have PZC values in
the pH range of ca. 6—8 in bulk aqueous solution (see Table
S2), above the pH of the droplet, and therefore might have a
stronger positive surface potential. Although the presence of
ammonium and sulfate ions will likely shift the PZC to some
extent and the exact surface potential cannot be readily
determined from bulk measurements, it may be that the low
observed CERH for vanadium oxide is due to the low surface
potential, which results in no net attraction of sulfate ions.

Figure 7 shows the hypothesized surface interactions that
occur at the surface of an ammonium sulfate droplet upon
collision with the HN. An HN with a PZC above the droplet’s
pH, such as TiO,, would have a positive surface potential and
would interact strongly with the sulfate in solution, leading to a
phase-change event via destabilization of the aqueous phase.
However, the vanadium oxide, with a PZC slightly below the
droplet’s pH, would have a weakly negative surface potential
and would interact weakly with the ammonium in solution, and
therefore be less successful in disrupting the aqueous phase.
Further, in the instance where ammonium is attracted to the
surface by a net surface potential, the primary ion-surface
interaction will not involve the metal cations, which could
further explain why vanadium is an outlier, i.e., metal sites and
coordinatively unsaturated metal sites are not influencing
efflorescence in the specific case of V,O;.
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In previous work, Davis and Tolbert showed that a contact
nucleus with a negatively charged surface was less effective at
inducing contact efflorescence when ammonium was the cation
in solution.® Because ammonium is more stable approaching a
negative particle surface, the aqueous phase experiences less
disturbance and is therefore less likely to induce a phase-
change event. Our observation that vanadium oxide is less
effective as a contact nucleus is consistent with this previous
conclusion since vanadium likely has a neutral to slightly
negative surface.

While the contact efflorescence behavior of the metal oxides
did not follow previous trends regarding crystal lattice match, a
possible trend has been identified regarding ion-surface
interactions at cationic metal sites, further supporting the
theory put forward by Davis and Tolbert that contact
efflorescence is dependent on transient ionic effects.®

4. CONCLUSIONS

Contrary to some previous studies, the match of crystal lattice
structures between these five metal oxide heterogeneous nuclei
(HN) and ice crystals did not seem to be an acceptable
predictor of the effectiveness of depositional ice nucleation on
the metal oxides. Likewise, the lattice match between HN and
salt crystal was not a reasonable predictor of the effectiveness
of contact efflorescence. The predictors of nucleation are
highly complex and deserve attention in future experimental
studies and atmospheric models. A trend is observed, however,
relating both the ice nucleation efficiency and the contact
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efflorescence efficiency with the oxidation state of the
transition-metal oxide particle.

Regarding ice nucleation, while the surface charge of the
metal oxide agglomerates was not directly measured in this
study, the noted correlation between nucleation efficiency and
cation oxidation state perhaps deserves future consideration in
studies and predictions of ice formation in atmospheric mixed-
phase clouds.

Considering past studies of contact efflorescence, it is likely
that contact efflorescence of AS induced by metal oxides is a
transient ion-surface effect.®” Consistent with this, all five
heterogeneous nuclei were able to cause contact efflorescence
of ammonium sulfate in some respect but were unable to
promote immersion efflorescence at an RH significantly
different than that of homogeneous efflorescence. The trends
discovered here regarding oxidation state and ion effects may
help to elucidate how these insoluble metal oxides cause
collisional efflorescence and may guide the predicted behavior
of salt aerosol droplets in atmospheric conditions.
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0, lattice mismatch parameter

pm, micrometer

Cu, copper

Fe, Iron

Ti, titanium

V, vanadium

Zn, zinc

AS, ammonium sulfate, or (NH,),SO,
CCD, charge-coupled device

CERH, relative humidity of contact efflorescence
CPC, condensation particle counter
DMA, differential mobility analyzer
ERH, relative humidity of efflorescence
HN, heterogeneous nucleus (or nuclei)
PSL, polystyrene latex

PZC, point of zero charge

RH, relative humidity

Sices Onset ice saturation ratio

SMPS, scanning mobility particle sizer
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