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Abstract

1

Abstract

Clouds play an important role in the Earth’s radiative budget and hence climate. However, large
uncertainties still exist in our understanding of the formation of cold, high-altitude cirrus and
warmer, lower-altitude mixed-phase clouds. Ice formation in the atmosphere happens via both
homogeneous ice nucleation (IN) occurring in an aqueous liquid droplet and heterogeneous IN
induced by a foreign particle termed ice nucleating particle (INP) at warmer temperatures than
homogeneous IN. Natural mineral dust (typically a complex mixture of several minerals) is a
well-established class of INPs and is known to play a key role in atmospheric IN, although, we
still lack a comprehensive knowledge of which properties make a mineral dust particle an
efficient INP. Given that both sub- and supermicron-sized dust particles are efficiently transported
over long distances, they can undergo physical and chemical changes due to e.g. photochemical
aging, chemical reactions with trace gases and inorganic species. Such interactions can cause a
complete change in the IN efficiency of potential INPs.
It is difficult to resolve the interactions of individual solutes with mineral surfaces in a mixture of
several minerals. Therefore, this PhD thesis focuses on understanding fundamental effects of
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solutes on the IN efficiency of single minerals (viz. aluminosilicates and silicas) and elucidating
the interactions of mineral surfaces with pure water and inorganic solutions on a microphysical
scale. For this purpose, a differential scanning calorimeter was used to detect immersion freezing
(INP submerged in aqueous droplets) of emulsified aqueous droplets containing suspended
particles of single minerals, namely K-feldspars (microcline and sanidine), (Na, Ca)-feldspar
(andesine), kaolinite, quartz, micas (muscovite and biotite), gibbsite and amorphous silica. The
suspensions were either prepared with pure water or aqueous solutions of sulfuric acid, ammonia
and several inorganic salts, namely - ammonium sulfate, ammonium chloride, ammonium nitrate,
ammonium bisulfate, sodium sulfate, potassium chloride, potassium sulfate and sodium
hydroxide.
Results show that heterogeneous IN onset temperatures for various minerals deviate from the
previously established water-activity-based immersion freezing description because of the
interactions between the INP surface and solutes. Interestingly, a general enhancement in IN
efficiency (in terms of both, freezing onset temperatures (Thet) and heterogeneously frozen water
volume fraction (Fhet)) of aluminosilicates is observed in the presence of dilute ammonia and
ammonium salts. In addition, aqueous suspensions of micas and gibbsite, which did not show a
heterogeneous freezing signal in emulsion freezing experiments in pure water, developed IN
activity in the presence of ammonia. In contrast, Thet of quartz (a crystalline form of silica) follows
the water-activity-based immersion freezing description, yet its Fhet is slightly enhanced in
ammonium sulfate, ammonium bisulfate and sodium sulfate but decreased in ammonia and
sodium hydroxide. Hence, the silicas respond to externally added solutes quite differently
compared to the aluminosilicates. In addition, IN efficiency is drastically hampered under severe
pH conditions (e.g. feldspars under acidic and alkaline conditions; quartz under alkaline
conditions). The IN activity of quartz particles disappeared almost completely after aging for 7
months in pure water in a glass vial. During this time quartz slowly grew by incorporating silicic
acid leached from the glass vial. Conversely, the synthesized amorphous silica samples showed
no discernable heterogeneous freezing signal unless they were milled. We therefore suggest that
milling, hence creation of defects, rather than crystallinity is the prime reason for the IN activity
of silica surfaces. In summary, these investigations show that a high surface density of OH and
NH groups providing sites for hydrogen bonding, surface charge influencing the orientation of
water molecules, surface degradation due to the slow dissolution of the minerals and surface
defects introduced by milling are all relevant factors for the IN activity of aluminosilicate and
silica surfaces.
Implications for IN on airborne dust consisting of aluminosilicates and silicas, especially when
they undergo atmospheric aging, might be multifold. Therefore, the chemical exposure history of
the particles is a relevant determinant of the IN efficiency of airborne dust.
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2 Zusammenfassung

Eiswolken spielen eine wichtige Rolle für das Strahlungsbudget der Erde und folglich auch für
das Klima. Es existieren allerdings noch grosse Unsicherheiten in unserem Verständnis der
Entstehung von

kalten, hoch

liegenden,

Zirruswolken

und

warmen,

tieferliegenden,

mischphasigen Wolken. Eis bildet sich in der Atmosphäre durch homogene Eisnukleation (IN;
von engl. ice nucleation) in einem flüssigen Wassertröpfchen und durch heterogene Eisnukleation
induziert durch ein Fremdpartikel, ein sogenanntes Eisnukleations-Partikel (INP; von engl. icenucleating particle) bei wärmeren Temperaturen als bei homogener IN). Natürlicher Mineralstaub
(typischerweise eine komplexe Mischung von mehreren Mineralien) ist eine wohletablierte Klasse
von INPs und ist für ihre Schlüsselrolle bei atmosphärischer IN bekannt, obgleich es immer noch
an Wissen darüber mangelt, welche Eigenschaften ein Mineralstaubpartikel zu einem effizienten
INP machen. Angesichts dessen, dass sowohl Partikel unterhalb des Mikrometerbereichs als auch
grössere Partikel effizient über grosse Distanzen transportiert werden, kann es zu physikalischen
und chemischen Veränderungen kommen z. B. durch photochemische Alterungsprozesse oder
chemische Reaktionen mit Spurengasen und anorganischen Spezies. Solche Wechselwirkungen
können Eigenschaften wie die IN Effizienz von potentiellen INPs komplett verändern.
vii

Zusammenfassung
Es ist schwierig die Interaktionen von INP Oberflächen mit gelösten Stoffen zu verstehen, wenn
besagte Oberflächen aus mehreren Mineralien bestehen. Deshalb fokussiert diese Doktorarbeit auf
das Verstehen der Effekte gelöster Stoffe auf die IN Effizienz einzelner Mineralien (Silikate und
Aluminosilikate) und auf die mikrophysikalische Aufklärung der Interaktionen zwischen Wasser,
gelösten Stoffen und der Mineraloberfläche. Zu diesem Zweck wurden Experimente zum
Immersionsgefrieren (INP umschlossen von Wasser in Tröpfchen) mit einem dynamischen
Differenzkalorimeter an emulgierten Suspensionen von Partikeln, die nur aus einem Mineraltyp
bestehen, durchgeführt. Verwendet wurden Kaliumfeldspate (Mikroklin und Sanidin), NatriumKalzium-Feldspat (Andesin), Kaolinit, Quarz, Glimmer (Muskovit und Biotit), Gibbsit und
amorphes Silika, dispergiert in Tröpfchen wässriger Lösungen von Schwefelsäure, Ammoniak
und einigen anorganischen Salzen wie Ammoniumsulfat, Ammoniumchlorid, Ammoniumnitrat,
Ammoniumbisulfat, Natriumsulfat, Kaliumchlorid, Kaliumsulfat und Natriumhydroxid.
Die Ergebnisse zeigen Abweichungen der gemessenen heterogenen IN Onset-Temperaturen
verschiedener Mineralien von dem auf der Wasseraktivität basierenden ImmersionsgefrierModell, aufgrund von Wechselwirkungen zwischen INP Oberfläche und den gelösten Stoffen.
Interessanterweise wurde eine allgemeine Erhöhung der IN Effizienz der Silikate und
Aluminosilikate (bezüglich der Onset-Temperatur (Thet) und dem heterogen gefrorenen Anteil
(Fhet)) im Beisein von gelöstem Ammoniak und Ammoniumsalzen beobachtet. Ausserdem
entwickelten Glimmer und Gibbsit, deren Suspensionen in reinem Wasser kein nachweisbares
heterogenes Gefriersignal zeigten, in Anwesenheit von Ammoniak IN Aktivität. Dahingegen
entspricht der Verlauf der Onset-Temperatur im Falle von Quarz (reines Silikat) der Vorhersage
des Immersionsgefrier-Modells, obwohl Fhet von der Anwesenheit der gelösten Stoffe beeinflusst
wird: Fhet steigt an in Ammoniumsulfat, Ammoniumbisulfat und Natriumsulfat und sinkt ab in
Ammoniak und Natronlauge. Daraus folgt, dass Silikas und Aluminosilikate je unterschiedlich
mit gelösten Stoffen reagieren. Die IN Effizienz ist dramatisch beeinträchtigt durch extreme pHBedingungen (z. B. Feldspate unter sauren und basischen Bedingungen; Quarz unter basischen
Bedingungen). Die IN Aktivität von Quarzpartikeln verschwand beinahe vollständig nachdem sie
für 7 Monate in reinem Wasser in Glasfläschchen gealtert sind. Während dieser Zeit wuchs die
Quarzoberfläche langsam durch den Einbau von Kieselsäure, die aus der Glaswand ausgewaschen
worden war. Dahingegen zeigten die synthetisierten amorphen Silikaproben keine IN Aktivität, es
sei denn, sie wurden zuvor gemahlen. Dies legt nahe, dass durch Mahlen erzeugte Defekte und
nicht die Kristallinität der Hauptgrund für die IN Aktivität von Silikaoberflächen ist.
Zusammenfassend zeigen diese Untersuchungen, dass eine hohe Oberflächendichte von OH- und
NH-Gruppen, an denen H-Brücken ausgebildet werden können, Oberflächenladungen, die die
Orientierung von Wassermolekülen beeinflussen, Oberflächenveränderungen durch langsames
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Zusammenfassung
Auflösen der Mineralien sowie durch Mahlen erzeugte Defekte bestimmende Faktoren der IN
Aktivität von Aluminosilikat-Oberflächen sind.
Diese Studie zeigt, dass die Auswirkung atmosphärischer Alterungsprozesse auf die IN Aktivität
von Mineralstaub, der aus Aluminosilikaten und Silikaten besteht, sehr vielfältig sein können.
Deshalb ist die chemische Exposition der Partikel in der Atmosphäre ein relevanter Faktor für die
IN Effizienz von Staub in der Luft.
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1 Chapter 1: Introduction

Clouds play a multifold role in weather, climate and influence life on Earth. First descriptions of
clouds and precipitation date back to 340 BC, when the philosopher Aristotle wrote his
‘Meteorologica’. Luke Howard was amongst the first who invented a scientific nomenclature
system for clouds (Hamblyn, 2011). Since then, exponential progress has been made to
understand cloud properties. Nevertheless, a comprehensive understanding of different types of
clouds (discussed in the next section) is still missing due to their complex nature.
Clouds and aerosol particles have significant impact on the Earth's radiation budget (Boucher et
al., 2013). Clouds interact with incoming short-wave and outgoing long-wave radiation and thus
influence the transfer of radiant energy. They are the origin for precipitation, hence play a major
role in the water cycle and, therefore, contribute to the spatial distribution of freshwater as well as
to the transport of latent heat. Microphysical properties of clouds govern the formation of
precipitation, the interaction of radiation with clouds, and cloud lifetime. Aerosol particles, acting
as cloud condensation nuclei (CCN), activating into cloud particles thereby play an important role
in determining cloud properties. However, due to the complexity of the system, the understanding
of the microphysical properties of clouds remains a challenge. In fact, aerosols, clouds, and their
interactions cause the largest uncertainties in the current assessment of climate change (Figure
1.1). Formation and further development of clouds containing ice is amongst the major sources of
uncertainties. Therefore, in the following sections we discuss our understanding of the formation
of clouds, with a focus on atmospheric ice crystal formation.

27

Chapter 1: Introduction

Figure 1.1: Radiative forcing estimates (global average) in 2011 relative to 1750 and aggregated
uncertainties for the main drivers of climate change. Black diamonds: best estimates of the net
radiative forcing with corresponding uncertainty intervals. Numerical values (on the right): net
radiative forcing together with the confidence level (VH – very high, H – high, M – medium, L –
low, VL – very low). Red bars (at the bottom): total anthropogenic radiative forcing for three
different years relative to 1750. (Adapted from IPCC Fifth Assessment Report 2013, WG1-SPM)

1.1 Formation of clouds
Beside the classification of clouds according to their shape (stratus, stratocumulus, cumulus,
cumulonimbus, altostratus, altocumulus, nimbostratus, cirrus, cirrocumulus and cirrostratus) and
altitude (low, middle, and high) (WMO, 1975), clouds can be grouped according to their phase
(e.g. Lohmann et al. (2016)): Warm clouds, exclusively consisting of liquid cloud droplets, ice
clouds which purely consists of ice crystals, and mixed-phase clouds (MPCs) which contain both
cloud droplets and ice crystals (Figure 1.2).
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Figure 1.2: Cloud types categorized according to their phase: (a) Warm cloud (stratocumulus);
(b) mixed phase cloud (altostratus); (c) ice cloud (cirrostratus). (Photographs:
www.meteoschweiz.ch)

The formation processes of these cloud types depend on various meteorological parameters and
properties of the atmosphere, like ambient temperature, available water vapor, updraft velocity
and the presence of aerosol particles. Clouds can form in an environment which is supersaturated
with respect to water. Such an environment is created during the expansion and cooling of an
atmospheric air parcel as it rises. The water vapor content in the air mass becomes supersaturated
(i.e. relative humidity (RH) with respect to water (RHw) above 100% inside the air parcel),
initiating condensation of water on airborne aerosol particles (acting as CCN) which eventually
grow into cloud droplets. Koehler theory (Köhler, 1936) describes the activation of a CCN into a
cloud droplet as a function of supersaturation of the air, as well as the size and chemistry of the
aerosol particles. Homogeneous cloud droplet formation requires RH >> 100%, however, due to
cloud droplet formation on aerosol particles, the ambient RHw remains mostly below 100.5%, and
rarely exceeds 102% (Pruppacher and Klett, 1994). Cloud droplet formation is quite well
understood and CCN spectra predictions based on the aerosol chemical composition and size
distribution are nowadays successfully applied (Bougiatioti et al., 2009; Martin et al., 2011; Miao
et al., 2015). On the contrary, major challenges remain in understanding the formation of ice
crystals in clouds.

1.2 Formation of ice in clouds
Formation of ice can occur either homogeneously, by freezing of pure water/solution droplets or
heterogeneously, when the phase change from vapor or liquid to ice is promoted by a foreign
particle termed as ice nucleating particle (INP). Prerequisite for the formation of the daughter
phase (ice) out of a parent phase (liquid water or water vapor) is that the daughter phase is in a
thermodynamically lower state (lower free energy) than the parent phase. The phase transition
occurs via the formation of a tiny cluster of the daughter phase within the metastable parent phase,
which is the so-called nucleus or embryo (Pruppacher and Klett, 1997). However, the phase
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transition does not occur spontaneously due to inhibition caused by an energy barrier in form of
energy required in the formation of the new surface of the nucleus. At a certain size of the
nucleus, the energy gain from being in the new, thermodynamically more stable phase is higher
than the energy required for the formation of the surface and the phase transition proceeds. In the
following, atmospheric pathways for the primary formation of ice crystals are described in more
detail.

1.2.1

Homogeneous ice nucleation

In the case of liquid water droplets under atmospheric conditions, ice is the preferred phase below
273 K. However, water can remain in the metastable liquid state down to 235 K (supercooled
water) and in the absence of any INP, supercooled water droplets of a few micrometers in radius
freeze homogeneously at ≤ 237 K.

1.2.2

Heterogeneous ice nucleation

Freezing of water droplets can be induced at warmer temperatures and lower supersaturation than
that required for homogeneous nucleation due to the presence of INPs. Four heterogeneous IN
pathways/modes are currently described. All freezing modes require supercooled temperatures
and ice supersaturated conditions, or a RH with respect to ice (RHi) > 100% (Figure 1.3).
However, heterogeneous nucleation can be triggered at different stages of bulk water formation
(before, after or during cloud droplet formation), thus different freezing modes are important in
different cloud types, and locations of cloud occurrence. Various heterogeneous IN modes are
described below in more detail.
Deposition nucleation refers to the direct phase change from vapor to ice by deposition of gas
phase molecules on the INP surface, which occurs at RHi > 100%, but at RHw < 100%. This ice
nucleation (IN) mode is relevant for the formation of cirrus clouds as inferred by Cziczo et al.
(2013b) and not so much for the formation of MPCs. This inference is supported by lidar
observations (in combination with radiosonde temperature and humidity profile observations)
which reveal that the liquid phase is present before ice crystal formation (Ansmann et al., 2008) in
clouds below 8 – 8.5 km height asl. However, this mechanism was recently questioned by
Marcolli (2014), who suggests that what is considered deposition nucleation is in most cases pore
condensation and freezing (PCF) occurring in cavities (surface defects and/or the porous nature of
INPs) on INPs which may retain water owing to surface curvature forces described by the inverse
Kelvin effect.
Contact freezing in the traditional sense refers to the freezing initiated by an insoluble particle
which collides with a particle and penetrates the surface of a supercooled liquid droplet from the
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outside (Pruppacher and Klett, 1994; Vali et al., 2015b). This pathway could also occur if the
particle penetrates the droplet surface from the inside out (Durant and Shaw, 2005; Shaw et al.,
2005). Its efficiency is considered to depend on the position of the particle with respect to the
droplet surface (Durant and Shaw, 2005; Shaw et al., 2005; Fornea et al., 2009; Gurganus et al.,
2014; Nagare et al., 2016). The freezing of a supercooled cloud droplet upon contact from the
outside with an INP is limited by the collision of the two particles, expressed as a collision rate
which limits the atmospheric relevance of contact freezing (Ladino Moreno et al., 2013). Niehaus
and Cantrell (2015) found that some particles that were already deliquesced at the surface upon
contact with the supercooled cloud droplet triggered ice formation, thus the freezing is rather
connected to the impact of the collision. As found by Seifert et al. (2011), contact freezing may
contribute to the formation of ice in MPCs and might as well have a contribution to ice formation
in deep convective clouds at cloud edges, where INP are not exposed to a supersaturation before
entering the cloud (e.g. Diehl and Grützun (2018)).
Immersion freezing describes the ice formation triggered by an INP immersed in a supercooled
cloud droplet.

Figure 1.3: Possible ice nucleation pathways in the atmosphere. Solid black line: water
saturation line. Dashed black line (connecting Si = 1.52 to water saturation line at T = 37 ºC):
minimum saturation ratio for solution droplets to freeze homogeneously, according to Koop et
al. (2000). Solid blue circle: water/solution droplets. Solid light blue hexagon: ice crystal.
Solid orange cubes: INP. (Adapted from Hoose and Möhler (2012))
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Condensation freezing is considered to take place when IN is concurrent with the initial
formation of liquid on a CCN activation (Vali et al., 2015b). However, distinct occurrence of
condensation freezing from deposition or immersion freezing is not yet completely established
(Welti et al., 2014; Vali et al., 2015b). Electro-freezing, evaporation freezing, mechanical shock
freezing and collision freezing are amongst other modes of freezing nucleation reported in the
literature (Phan and Laforte, 1981; Hobbs and Rangno, 1985; Baker and Lawson, 2006; Ghobadi
and Babazadeh, 2015) but the little yet unclear evidence available at this time does not permit
general definitions to be established for such processes.
In light of the above discussion, there are open questions regarding the relative importance of
various heterogeneous freezing mechanisms indicating that we still lack a comprehensive
understanding of formation of ice in the atmosphere.

1.3

Atmospheric ice nucleating particles

Aerosol particles can be very distinct in terms of chemistry and morphology. They are categorized
based on their emission/formation process viz. primary aerosol particles, which are directly
emitted into the atmosphere, or secondary aerosol particles, which form in the atmosphere via
secondary processes (e.g. nucleation or condensation) (Lohmann et al., 2016). The size of
atmospheric aerosol particles can vary in a range of several orders of magnitude (from a few
nanometers to several micrometers) and have been categorized based on their size as well. For
example, freshly nucleated particles (nucleation mode) are < 0.01 µm in diameter; Aitken mode
particles are within the range of 0.01 - 0.1 µm; accumulation mode particles are 0.1 - 1 µm in
diameter, and coarse mode particles 1 - 10 µm in diameter while all particles > 10 µm are
classified as giant particles. The largest contribution in terms of mass comes from the
accumulation mode aerosol particles since removal processes, such as wet and dry deposition, are
least efficient in this size range. In addition, very small particles agglomerate quickly due to
Brownian motion. Aerosol particles are also differentiated based on their mixing state in the
atmosphere viz. an aerosol population with individual aerosol particles retaining their chemical
identity (externally mixed), or an aerosol population consisting of particles with similar chemical
characteristics, which are the sum of the initial chemical compounds (internally mixed). They also
differ vastly in their shape, phase, density and optical properties. Their physico-chemical
properties can change during transport in the atmosphere due to interaction with other reactive
chemical species.
INPs are a unique subset of aerosol particles which are able to promote the formation of ice
crystals. The population of such atmospheric INPs could be quite low (e.g. one out of 105 - 106
particles) (Rogers et al., 1998; Stith et al., 2009; DeMott et al., 2010; Field et al., 2012; Boose et
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al., 2016a). Therefore, identification of INPs in a population of a large variety of ambient aerosol
classes is challenging. In addition, it is currently also not clearly understood which feature (or
possibly an interplay between several features) of the INPs are responsible for ice formation.

1.3.1

Classes of ice nucleating particles

Mineral dust is a well-established class of INPs and is known to play a key role in atmospheric
IN (Murray et al., 2012; Atkinson et al., 2013; Kanji et al., 2017). The main sources of mineral
dust are deserts, arid soils and volcanoes. Sources like the Saharan desert or the Gobi desert emit
mineral dust particles which are transported into the atmosphere, leading to a worldwide
dispersion (Prospero et al., 2002; Engelstaedter et al., 2006). Mineral dust particles can have a
broad size distribution from < 0.1 µm to > 10 µm. Although submicron particles are most
efficiently transported over long distances, presence of coarse mode particles from, e. g. the
Saharan desert, has been observed in regions farther away from their source (Wagner et al., 2009;
Denjean et al., 2016).
Field measurements showing number concentrations of dust particles acting as INPs are presented
in Figure 1.4 (yellow and orange colored symbols and area). INP concentrations span several
orders of magnitudes at different temperatures. The large variations in IN efficiencies and INP
concentrations can be a result of differences in mineralogical composition, an internal and
external mixing of the particles and effects of atmospheric aging during transport. Dust particles
were found to nucleate ice above water saturation (DeMott et al., 2003a; Creamean et al., 2013;
Boose et al., 2016b; Boose et al., 2016c) as well as below water saturation (Chou et al., 2011;
Boose et al., 2016b; Boose et al., 2016c).
Dust particles can be composed of various minerals like quartz, feldspars, calcite, micas, clays
viz. kaolinite, illite and montmorillonite and metal oxides in varying proportions (Pruppacher and
Klett, 1994; Zobrist et al., 2008; Lüönd et al., 2010; Murray et al., 2011; Hoose and Möhler,
2012; Pinti et al., 2012; Atkinson et al., 2013; Cziczo et al., 2013a; Kaufmann et al., 2016). It has
been shown that some forms of potassium and sodium feldspars are the most efficient INPs
(Atkinson et al., 2013; Harrison et al., 2016; Kaufmann et al., 2016). Kiselev et al. (2016) showed
that IN is induced by specific crystallographic features of the mineral which only appear at
imperfections and cracks on the surface of the mineral. This suggests that an ice-like structure of
mineral dust induces the freezing. However, several other studies have shown that an ice-like
structure is not strictly necessary to nucleate ice (Pedevilla et al., 2016; Bi et al., 2017). Specific
surface features related to e.g. surface chemical groups and their interaction with bulk water might
contribute to the IN ability of mineral dust as well. In addition, the ability of soil dust to nucleate
ice was connected to internal or external mixing with organic matter and biological fragments
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(Conen et al., 2011; O'Sullivan et al., 2015), therefore, the influence of biological material, which
might be internally or externally mixed with dust, cannot be ruled out. Mineral ash particles
emitted into the atmosphere during volcanic eruptions have been studied in the immersion mode
and reported to act as a potential heterogeneous INP at temperatures < 260 K (Durant et al., 2008;
Fornea et al., 2009; Hoyle et al., 2011).
Metal compounds (e.g. metal oxides) produced by anthropogenic activities were found in ice
residuals from cirrus clouds (Kamphus et al., 2010; Cziczo et al., 2013b). However, generally
pure metals and metal oxides have been found to be barely IN active (Yakobi-Hancock et al.,
2013). In certain studies the IN ability of metal particles was related to lead (Pb) (Kamphus et al.,
2010), and specifically lead iodide (Harris et al., 1963; Yakobi-Hancock et al., 2013). Lead iodide
has been found to have a lattice match to ice (Vonnegut, 1947) which might explain its IN ability.

Figure 1.4: INP concentrations taken from field measurements conducted at sites spread across
the globe (taken from Kanji et al. (2017)); symbol color and respective font color give indication
on the sampled air mass type, aerosol type or sampling location, and dual-colored symbols
indicate that two different air mass/aerosol types were sampled; hashed areas and open symbols
present measurements conducted below water saturation, all other measurements are performed
above water saturation.

Bioaerosols are airborne aerosol particles of biological origin, e.g. bacteria, fungal spores, pollen,
viruses, phytoplankton, lichens, marine exudates, and plant fragments (detailed review in Després
et al. (2012)). Their size can vary from some nanometers (viruses) to several hundred micrometers
(pollen particles). Biological particles can be dominant INPs especially at temperatures > 261 K
(Hoose and Möhler, 2012). This is supported by various field measurements which depict that
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biological particles contribute to INP concentrations at temperatures from 268 K to 241 K (Figure
1.4, green points and shaded area) (DeMott et al., 2010; Creamean et al., 2013; Prenni et al.,
2013; Conen et al., 2016). However, the importance of biological particles for cloud glaciation is
still in question since it depends on their emission rates and ability to be transported over long
distances and to higher altitudes. In fact, the ambient concentration of biological particles varies
strongly on a spatial and temporal scale, and their influence might be rather of a seasonal and
regional nature (Després et al., 2012). Biological particles can also fragment further into
nanometer-sized particles, which are present in much higher concentrations and thus might be
atmospherically relevant (Pummer et al., 2012; Augustin et al., 2013; O′Sullivan et al., 2015;
Wilson et al., 2015). Additionally, bacteria have been found in Saharan (Meola et al., 2015) and
soil dust aerosols (Conen et al., 2011), possibly influencing their IN activity.
After having been first proposed by Brier and Kline (1959) and further investigated by Schnell
(1977), the importance of marine aerosol particles as potential INPs has recently been reemphasized by Wilson et al. (2015). Marine aerosol particles can be emitted from the sea surface
microlayer via a bubble-bursting mechanism (Aller et al., 2005; de Leeuw et al., 2011; Cunliffe et
al., 2013; Gantt and Meskhidze, 2013). They can have varied sources such as microorganisms,
exopolymer secretions, glassy organic aerosols, colloidal aggregates, crystalline hydrated sodium
chloride particles and frost flowers (Burrows et al., 2013). Their IN ability has been linked to
phytoplankton exudates, and cells or cell fragments of the same in some laboratory studies (Alpert
et al., 2011a; Wilson et al., 2015). Submicron size marine aerosols (DeLeon-Rodriguez et al.,
2013) can be transported over long distances and, being less IN efficient than mineral dust
particles (DeMott et al., 2016), as such can be relevant in areas where dust influence is absent
(Burrows et al., 2013).
Processes such as wildfires, agricultural fires, transportation and industrial activities involving
burning of biomass and fossil fuels leads to the production of combustion aerosol particles.
Black carbon particles (complete combustion) and soot and ash particles (incomplete combustion)
are relevant at a global scale (Schwarz et al., 2010). Although, their potential contribution to INPs
is still in question due to contradictory laboratory and field studies. Some studies indicate that
soot or ash particles nucleate ice in the immersion and contact freezing mode (DeMott, 1990;
Kanji and Abbatt, 2006; Petters et al., 2009; Kanji et al., 2011; Brooks et al., 2014; Grawe et al.,
2016), while other studies indicate that black carbon particles are not ice active in the immersion
mode (Friedman et al., 2011; Schill et al., 2016). Black carbon and soot particles have also been
reported to be IN active in cirrus temperature regime in deposition freezing mode (DeMott et al.,
1999; Möhler et al., 2005a; 2005b; Koehler et al., 2009). On the other hand, field measurements
show that particles from biomass burning are nucleating ice at temperatures from 261 K to 241 K
(Figure 1.4, red points and shaded area).
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Soil dust particles (originating from grazed and agricultural lands) have been shown to nucleate
ice with an effectiveness comparable to that of some bioaerosols and feldspar samples (Conen et
al., 2011; O’Sullivan et al., 2014). The high IN ability of soil dusts is attributed to internal mixing
with biogenic components present in the particles (Tobo et al., 2014). The atmospheric relevance
of soil dusts, like that of bioaerosol, also depends on their abundance in the troposphere which is
not known with adequate certainty.

1.3.2

Atmospheric aging

Aerosol particles can be transported over long distances in the atmosphere and, therefore, can
undergo physical and chemical changes due to e.g. photochemical aging, chemical reactions with
trace gases and inorganic species. For example, transported mineral dust particles may acquire a
coating when they come in contact with reactive gases and semivolatile species (Usher et al.,
2003; Kolb et al., 2010; Ma et al., 2012; He et al., 2014; Tang et al., 2016) or when they undergo
cloud processing (Fitzgerald et al., 2015).
Aging processes can lead to both an increase and a decrease in the IN ability of the aerosol
particles. Enhanced IN ability (or increased IN rate) of particles subjected to a previous IN event
has been reported for clay particles (montmorillonite and kaolinite) (Pruppacher and Klett, 1997)
and ATD provided that subzero temperatures are maintained between subsequent freezing cycles
(Knopf and Koop, 2006). Speculative reasons for the observed increase in freezing temperature
include but are not limited to retention of molecular clusters for ice embryo growth on the INP
sites, especially in case of porous particles including but not limited to montmorillonite and illite
(Vali, 2008; Marcolli, 2014, 2017). The key to understanding how cloud processing and IN ability
of aerosol particles are related lies in identifying which particle properties give rise to enhanced
cloud-forming potential after a preactivation cycle.
Chemical processing of aerosol particles can lead to drastic changes in their physico-chemical
properties. For example, several studies have shown strong reduction in IN ability of various
types of mineral dusts due to treatment with strong acid (Archuleta et al., 2005; Augustin-Bauditz
et al., 2014; Kulkarni et al., 2014; Sihvonen et al., 2014; Burkert-Kohn et al., 2017). On the other
hand, montmorillonite exposed to NH3 (Salam et al., 2007) and kaolinite exposed to O3 (Kanji et
al., 2013), have shown an enhancement in IN efficiency in both deposition and immersion–
condensation modes. In addition, mixing with biological material might increase the IN ability
(Augustin-Bauditz et al., 2016).
In order to assess the effect of long-range transport on IN ability of airborne INPs, IN and
physico-chemical properties of particles sampled at/near source needs to be compared to particles
sampled farther away from source. Such field studies can be very challenging to execute. In a
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field study DeMott et al. (2003a) reported the presence of up to 25% of dust/fly ash particles
containing sulfates implying internally mixed particles. Conen et al. (2015) observed higher INP
concentration (immersion mode, at 265 K) at the high-altitude observatory Jungfraujoch during
Saharan dust events compared to that at Izaña. This observation is particularly interesting because
both sites are influenced by Saharan dust particles, however, Izaña is close to the emission source
while Jungfraujoch receives particles after long-range transport. In a study conducted by Boose et
al. (2016b) the results indicated that dust particles internally mixed with ammonium sulfate have
an increased IN ability. This implies that chemical coating of aerosols is not necessarily inhibiting
its IN ability.
Nonetheless, chemical-exposure history of an INP is relevant for its IN activity, therefore, further
knowledge on this topic would greatly enhance our understanding of atmospheric INPs.
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2 Chapter 2: Theoretical background

2.1 Classical nucleation theory
2.1.1

Homogeneous ice nucleation

In the absence of an INP, a molecular cluster of ice serves as the nucleus for the phase transition.
This cluster can form through fluctuations in temperature and density, leading to collisions and
clustering of the water molecules into the ice structure. The change in Gibbs free energy required
to trigger the phase transition for homogeneous nucleation (ΔGhom) can be expressed as:
∆𝐺𝐺ℎ𝑜𝑜𝑜𝑜 = −𝑛𝑛𝑖𝑖 ∆𝜇𝜇(𝑇𝑇) + 4𝜋𝜋𝑟𝑟 2 𝜎𝜎𝑖𝑖𝑖𝑖 (𝑇𝑇)

(2.1)

where r is the radius of the ice germ, σiw is the interfacial tension between the water and ice phase,
T is the temperature, ni is the number of water molecules in the ice germ and Δµ is the difference
between the chemical potentials of the two phases. The first term on the right-hand side of the
equation refers to the energy gain by the volume of the ice germ, and the second to the energy
required for the formation of the interface. The inherent assumption in Equation (2.1) is that
clusters of a small number of molecules have the same interfacial tension as the flat interface of
the resulting bulk phase. This important assumption is also called the capillarity approximation
and it is a weakness of the classical nucleation theory, because scaling down the interfacial
tensions from bulk sizes to small clusters, leads to an overestimation of the nucleation rate (Yu,
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2007). The difference in the chemical potential between the ice (µi) and the water phase (µw), is a
function of temperature (T), and is the driving force to overcome the energy barrier involved in
phase transition. It can be expressed in terms of the saturation ratio with respect to ice (Si), which
is the ratio of saturation vapor pressure over water (esat,w) and ice (esat,i):
∆µ(𝑇𝑇) = µ𝑤𝑤 (𝑇𝑇) − 𝜇𝜇𝑖𝑖 (𝑇𝑇) = 𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘 �

𝑒𝑒𝑠𝑠𝑠𝑠𝑠𝑠,𝑤𝑤 (𝑇𝑇)
� = 𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘(𝑆𝑆𝑖𝑖 )
𝑒𝑒𝑠𝑠𝑠𝑠𝑠𝑠,𝑖𝑖 (𝑇𝑇)

(2.2)

with the Boltzmann constant k. With a higher saturation ratio with respect to ice, the difference in
the chemical potential increases, and thus the volume term becomes dominant. The number of
molecules (ni) in the ice germ can be expressed as the ratio of the volume of the ice embryo (r
radius of ice germ) to the volume of water molecule in ice (vi):
𝑛𝑛𝑖𝑖 = �

4𝜋𝜋𝑟𝑟 3 1
�
3 𝑣𝑣𝑖𝑖 (𝑇𝑇)

(2.3)

Therefore, combining Equations (2.2) and (2.3), the expression for the Gibbs free energy
(Equation (2.1)) can be re-written as:
∆𝐺𝐺ℎ𝑜𝑜𝑜𝑜

4𝜋𝜋𝑟𝑟 3 1
= −�
� 𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘(𝑆𝑆𝑖𝑖 ) + 4𝜋𝜋𝑟𝑟 2 𝜎𝜎𝑖𝑖𝑖𝑖 (𝑇𝑇)
3 𝑣𝑣𝑖𝑖 (𝑇𝑇)

(2.4)

In order to overcome the energy barrier for the phase transition, the ice embryo needs to reach a
critical radius (rc) at which the energy gain from the volume term becomes more important
(Figure 2.1, panel (a)) i.e.

𝜕𝜕𝐺𝐺ℎ𝑜𝑜𝑜𝑜
𝜕𝜕𝜕𝜕

= 0. This is more likely at colder temperatures, and at higher

supersaturations with respect to ice. The critical cluster radius is thereby the size at which the ice
embryo is stable and continues to grow, until the transformation from the parent into the daughter
phase is completed. This critical size is reached at the maximum in the Gibbs free energy (ΔG*),
expressed as:

3
16𝜋𝜋𝜎𝜎𝑖𝑖𝑖𝑖
(𝑇𝑇)𝜐𝜐𝑖𝑖2 (𝑇𝑇)
∆𝐺𝐺 =
3[𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑆𝑆𝑖𝑖 ]2
∗

(2.5)

By combining the thermodynamic component with a kinetic component, which takes into account
the flux of water molecules to be incorporated into the ice embryo (see Ickes et al. (2015b) for
more details), the process of homogeneous nucleation can be expressed as a rate Jhom, which
gives the number of newly formed clusters in a unit volume and within unit time:

40

Chapter 2: Theoretical background

𝐽𝐽ℎ𝑜𝑜𝑜𝑜 = 𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾 �−

𝛥𝛥𝐺𝐺 ∗
�
𝑘𝑘𝑘𝑘

(2.6)

where K is a kinetic prefactor.
Under atmospheric conditions, homogeneous nucleation from the vapor phase is very unlikely
because of the high surface tension between the ice and vapor phase, and also because ambient
supersaturation ratios do not exceed a few percent due to the presence of aerosol particles.
Homogeneous nucleation from the liquid phase to ice is atmospherically relevant at temperatures
below 235 K where the nucleation from solution droplets is likely, but associated with a freezing
point depression in the presence of solutes (Koop et al., 2000).

2.1.2

Heterogeneous ice nucleation

In the presence of INPs the freezing of water can be induced at warmer temperatures and lower
supersaturation than required for homogeneous nucleation. It can be understood in a similar way
to homogeneous freezing, where the presence of the INP lowers the energy barrier, ΔG*, required
for the phase transition. It is clear that the property of the particle which causes ice nucleation,
whether chemical or physical, needs to be related with the particle's surface. In classical
nucleation theory this property is represented by a contact angle (θ). The heterogeneous energy
barrier (ΔGhet) for ice formation is described as (Figure 2.1, panel a):
∆𝐺𝐺ℎ𝑒𝑒𝑒𝑒 = 𝑓𝑓(𝜃𝜃)∆𝐺𝐺 ∗

(2.7)

with f(θ) describing the contact angle θ between the INP surface and the critical embryo (Figure
2.1, panel b) described as:
1
𝑓𝑓(𝜃𝜃) = (2 + cos(𝜃𝜃))(1 − cos(𝜃𝜃)2 )
4

(2.8)

A smaller contact angle θ lowers the energy barrier, and thereby supports phase transition at a
higher temperature or lower supersaturation than homogeneous nucleation. So far two concepts
exist to describe the nucleation process.
According to classical nucleation theory heterogeneous nucleation is a stochastic process, which
takes a time dependence into account. The probability of a critical cluster forming increases with
larger IN surface areas and with longer periods of time. Therefore, a sample with identical INPs
(equal surface areas and contact angles) will have the same probability per unit time that an ice
embryo on their surface grows to critical size by random fluctuations. Several studies have shown
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the time dependence nature of immersion freezing and provide support for a stochastic component
of the ice nucleation process (Niedermeier et al., 2011; Welti et al., 2012).
Another concept to formulate heterogeneous IN is the deterministic (or singular) approach which
assumes that the ice nucleation occurs at specific locations on the INP surface, the ice active sites
(Pruppacher and Klett, 1997; Vali et al., 2015b). An active site is a surface-specific preferred
location/feature, such as a steps, a crack or a functional group on the INP surface, which is able to
stabilize the ice embryo. Each site is characterized by a temperature, or supersaturation, at which
it is observed to nucleate ice for a given mode. This concept implies that no time dependence is
involved in IN. The probability of an INP containing an ice-active site thereby scales with the
surface area of the particle and has been indicated by Vali (1971). An INP can contain more than
one ice active site, and will induce nucleation at the most active one with respect to temperature.

Figure 2.1: (a) Gibbs free energy (ΔG) at 253 K to nucleate the ice phase from water as a
function of the ice germ radius, r, for different contact angles and for homogeneous freezing (θ
=180°) and heterogeneous freezing (θ =90°, 45°, and 0°). Dotted lines: Gibbs free energy barrier
and the corresponding critical ice germ radius; (b) relationship between ice embryo (light grey)
and the INP substrate (dark grey) for respective contact angles as shown in (a). (Adapted from
Lohmann et al. (2016))
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2.2 Role of water activity in ice nucleation
2.2.1

“Water-activity criterion” for homogeneous ice nucleation

In the atmosphere, cloud droplets and aerosol particles can freeze to ice crystals. Previous studies
suggest that aqueous-phase dependent heterogeneous ice formation (e.g. immersion and contact
freezing) can play important roles in ice formation for cirrus and mixed-phase clouds (Meyers et
al., 1992; Haag et al., 2003; DeMott et al., 2003a; Ansmann et al., 2009; Field et al., 2012). While
cloud droplets are very dilute, aerosol particles can be highly concentrated aqueous solutions and
this complicates the picture.
Koop et al. (2000) have shown that homogeneous IN of solution droplets, containing a variety of
solutes, does not depend on the nature of the solute but rather on the water activity (aw) of the
solution. The water activity of a solution (concentration c) is equal to the ratio of the vapor
pressure of water in the solution (psol) and of pure water (pwater) at the same temperature, viz.:
𝑎𝑎𝑤𝑤 (𝑇𝑇, 𝑐𝑐) =

𝑝𝑝𝑠𝑠𝑠𝑠𝑠𝑠 (𝑇𝑇, 𝑐𝑐)
𝑝𝑝𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 (𝑇𝑇)

(2.9)

At the melting point of ice, the aqueous solution and the ice are necessarily in equilibrium,
therefore, their vapor pressures are equal. Assuming that a flat aqueous surface is in equilibrium
with the gas phase, water activity can be also expressed as relative humidity (RH). The melting
point depression of a solution varies as a function of solute concentration and is independent of
the nature of the solute when solution ideality can be assumed (colligative property). Deviations
from solution ideality become large, when the solution is highly concentrated (Figure 2.2).
A large scatter appears when freezing and melting temperatures are plotted against molality,
however, the scatter falls onto one melting curve and also one freezing curve with a constant
offset (Δaw) from the melting curve (Figure 2.2). Koop et al. (2000) termed the constant offset
condition as the “water-activity criterion” which describes homogeneous IN in aqueous solutions
in form of a simple parameterization. In addition, this water-activity criterion for homogeneous IN
can be used to determine nucleation rate:

2

ℎ𝑜𝑜𝑜𝑜
ℎ𝑜𝑜𝑜𝑜
ℎ𝑜𝑜𝑜𝑜 3
log(𝐽𝐽ℎ𝑜𝑜𝑜𝑜 ) = −906.7 + 8502∆𝑎𝑎𝑤𝑤
− 26924�∆𝑎𝑎𝑤𝑤
)
� + 29180(∆𝑎𝑎𝑤𝑤
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Figure 2.2: Melting (squares) and freezing (circles) temperatures of different solution droplets
(containing a variety of solutes) as a function of molality (panel a) and as a function of the water
activity (panel b). (from Koop et al. (2000))
Due to the lack of aw measurements in the supercooled regime, aw of the solution is estimated at a
higher temperature (e. g. ice melting temperature) and assumed to be independent of temperature.
This extrapolation of aw values to lower temperatures gives rise to an uncertainty in the criterion
(Koop, 2004). However, this would induce a typical spread of 5%, therefore, it is still a useful
way to describe freezing of aqueous solutions. Many studies have confirmed the criterion (Zobrist
et al., 2008; Knopf and Lopez, 2009; Koop and Zobrist, 2009).

2.2.2

Water activity based immersion freezing model (ABIFM)

Nitrates, sulfates and organic compounds present in the atmosphere are prone to adhere to the
mineral dust particle surface (Murphy and Thomson, 1997; Grassian, 2002). This process can take
place already at the source or during long-range transport of aerosol particles. Such chemical
coatings may change the particle surface and increase the hygroscopicity of a mineral dust core,
e.g. making it easier for the particles to take up water and form cloud droplets (Levin et al., 1996;
Herich et al., 2009). Depending on the RH and CCN-availability, coating can be quite
concentrated or dilute (e.g. typical sulfate concentration in polluted and remote clouds could be 50
- 2000 and 5 - 50 µeq l-1 (Herckes and Collett, 2015)). In principle, a chemical coating may or
may not affect the IN efficiency of a dust aerosol particle, depending on the nature of both the
components.
Resolving kinetic (non-equilibrium) IN process entirely as a function of a thermodynamic
(equilibrium) quantity Δaw is tempting because of its simplistic nature. Therefore, the
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applicability of the “water-activity criterion” to heterogeneous IN temperatures of various types
of INPs in immersion mode has been probed by several studies in the past. At this point it should
be noted that the homogeneous IN description by Koop et al. (2000) has a broad empirical basis
het
and theoretical underpinning, whereas heterogeneous IN satisfying ∆𝑎𝑎𝑤𝑤
= const is only valid

under the assumption that the solute does not affect the foreign surface.

Zuberi et al. (2002) studied kaolinite and montmorillonite immersed in ammonium sulfate
solution droplets using optical microscopy. They tested, whether the heterogeneous freezing on
∆𝑎𝑎

these clay minerals could be described by a constant water activity offset, i.e. 𝑇𝑇het𝑤𝑤,het (𝑎𝑎𝑤𝑤 ) =

kaol,mont
= 0.242, but with remaining
𝑇𝑇melt (𝑎𝑎𝑤𝑤 + ∆𝑎𝑎𝑤𝑤,het ), and found general agreement for ∆𝑎𝑎𝑤𝑤

discrepancies either due to experimental conditions or due to heterogeneous freezing not

het
satisfying ∆𝑎𝑎𝑤𝑤
= const. Zobrist et al. (2008) used differential scanning calorimeter (DSC) and

optical microscopy to observe immersion freezing of silver iodide, nonadecanol, silica and
Arizona Test Dust (ATD) in solution droplets. They showed that the trends for heterogeneous
onset temperatures for the tested INPs could be described within experimental errors by a constant
het
∆𝑎𝑎𝑤𝑤
, characteristic of a particular INP.

Zobrist et al. (2006) studied the heterogeneous IN efficiency of oxalic acid crystals in aqueous
solutions containing various dicarboxylic acids (adipic, succinic, phthalic and fumaric acid). Koop
and Zobrist (2009) investigated ATD and SNOMAX suspended in aqueous solutions of
ammonium sulfate and several organic compounds. Knopf and Forrester (2011) investigated
freezing of aqueous NaCl droplets coated by 1-nonadecanol and 1-nonadecanoic acid monolayers
as a function of water activity. Knopf et al. (2011) investigated planktonic diatom species
Thalassiosira pseudonana exposed to water vapor and supercooled aqueous NaCl. All the abovementioned studies showed general agreement to the water-activity-based IN description within
experimental errors. Kärcher and Lohmann (2003) first attempted to describe immersion freezing
as a function of aw in a cloud resolving model.
Recently, Knopf and Alpert (2013) used an even wider variety of INPs and solution mixtures
(Pahokee Peat and Leonardite serving as surrogates of humic-like substances (HULIS); aqueous
NaCl droplets containing two distinct species of phytoplankton Nannochloris atomus and
Thalassiosira pseudonana; aqueous NaCl droplets coated by 1-nonadecanol; aqueous (NH4)2SO4
droplets containing illite; kaolinite, aluminum oxide and iron oxide particles and fungal spores
het
suspended in various aqueous solutions), leading to the conclusion that ∆𝑎𝑎𝑤𝑤
= const provides a

good description (with a different offset for each INP) for heterogeneous IN and termed this the
“𝑎𝑎𝑤𝑤 -based immersion freezing model (ABIFM)”.
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Figure 2.3: Graphical representation of water activity based homogeneous IN and water activity
based immersion freezing. It shows the dependency of homogeneous and heterogeneous freezing
temperatures and homogeneous and heterogeneous IN rate coefficients (units cm-3 s-1 and cm-2 s-1,
respectively) on the “water activity criterion”, Δaw, implicitly accounting for changes in
nucleation time and available ice nuclei surface area. (from Knopf and Alpert (2013))

ABIFM has been shown to capture the effect of changing IN surface area and cooling rate
dependence on freezing temperatures, as well as account for the freezing point depression. It
predicts the freezing point depression and decreasing Jhet (heterogeneous IN coefficient,
independent of IN surface areas or nucleation time) trends with decreasing Δaw (Figure 2.3).

2.2.3

Deviations from ABIFM

In contrast to ABIFM, several other studies conducted with clay minerals and ATD coated with
sulfuric acid (Cziczo et al., 2009; Chernoff and Bertram, 2010; Sullivan et al., 2010a; AugustinBauditz et al., 2014), reported a deterioration/inhibition of IN efficiency of dust particles caused
by an organic and/or inorganic coating/treatment. Möhler et al. (2008) observed marked but
gradual decrease in IN efficiency of ATD particles coated with secondary organic aerosol. In this
case, active sites might remain intact but disabled to act as INP because of the organic cover. In
the absence of surface chemical reactions, the chemical coating might dissolve during cloud
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droplet activation releasing the mineral surface again restoring the ice-nucleating ability (Sullivan
et al., 2010b; Tobo et al., 2012; Kulkarni et al., 2014; Wex et al., 2014).
Strong reduction in the IN efficiency of size-segregated K-feldspar (76% microcline) particles has
been reported after they were coated with sulfuric acid (Kulkarni et al., 2012; Augustin-Bauditz et
al., 2014). It was found that coating thickness, hence concentration, and exposure time are
important factors that govern the extent to which the acid treatment modifies the lattice structure
of K-feldspar. This has been corroborated by Burkert-Kohn et al. (2017) who showed that the
same feldspar (200 nm and 300 nm size segregated) turned almost ice inactive after treatment (12
hours) with 1 molar sulfuric acid and 1 molar nitric acid.
Reischel and Vali (1975) performed freezing experiments to identify the effects of 0.01 M, 0.1 M
and 1 M solutions of different solutes on four different INPs namely - kaolin, leaf-derived nuclei
(LDN), AgI and CuS. The IN activity of LDN (now thought to be the IN active bacteria
Pseudomonas Syringae (Maki et al., 1974)) was not significantly impacted by any solute. For all
other INPs the responses were complicated with enhancements and suppressions in IN ability
larger than would be expected from changes in water activity.

2.3 Motivation and objectives of the thesis
Transported mineral dust particles may acquire a coating when they come in contact with reactive
gases and semivolatile species (Usher et al., 2003; Kolb et al., 2010; Ma et al., 2012; He et al.,
2014; Tang et al., 2016) or when they undergo cloud processing (Fitzgerald et al., 2015). The
chemical composition and thickness of the coating depend on the particle mineralogy and on the
transport pathway (Matsuki et al., 2005a; Sullivan et al., 2007; Fitzgerald et al., 2015). The aging
process and physico-chemical surface modifications of dust particles adds a complication to
resolving their IN efficiency (Prospero, 1999; DeMott et al., 2003b; Sassen et al., 2003) and has
been discussed in Section 1.3.2. It is imperative to single out components of mineral dusts and
study how general or specific coating/solute effects are in order to infer the role of atmospheric
aging on IN by mineral dust particles.
ABIFM provides a simple formulation to predict IN efficiency of INPs in immersion mode for aw
< 1, assuming that a solute does not affect the INP surface. Without understanding the interactions
of solute coatings depending on mineral surface and coating properties, such an assumption can
be perilous. Several studies have reported the influence of different solute coatings on various
types of INPs but rarely have they looked into the physicochemical interactions at a microphysical
scale.
The objectives of the presented thesis therefore are:
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1. Understand the effect of a wide variety of inorganic solutes viz. sulfuric acid, ammonia,
ammonium sulfate, ammonium chloride, ammonium nitrate, ammonium bisulfate, sodium
sulfate, potassium chloride, potassium sulfate, on the IN efficiency (in immersion mode)
of single pure minerals viz. K-feldspars (microcline and sanidine), (Na, Ca)-feldspar
(andesine), kaolinite (clay mineral), micas (biotite and muscovite) and silicas (quartz and
amorphous);
2. Assess the effect of aging in pure water/solutions on the IN efficiency of these minerals
over time (comparable to atmospherically relevant life spans of dust aerosol particles);
3. Assess the reversibility of the surface modifications, hence IN ability, induced by solute
coatings.
In Chapter 3 I address objectives 1-3 by presenting immersion freezing experiments performed
using a differential scanning calorimeter (DSC) on the most IN-active K-feldspar polymorph,
microcline, dispersed in solution droplets containing sulfuric acid, ammonia and several inorganic
salts viz. ammonium sulfate, ammonium chloride, ammonium nitrate, ammonium bisulfate,
sodium sulfate, potassium chloride, potassium sulfate. We will see that ABIFM fails to predict the
IN efficiency of microcline in the presence of these solutes.
In Chapter 4 I address objectives 1-3 by presenting immersion freezing experiments performed
using a DSC on particles consisting of sanidine (K-feldspar), andesine (Na/Ca-feldspar), kaolinite,
micas (muscovite and biotite) and gibbsite, dispersed in solution droplets containing ammonia and
several inorganic salts viz. ammonium sulfate, ammonium chloride, sodium sulfate. We will see
that ABIFM fails to predict the IN efficiency of feldspars and clays while the IN inactive micas
become active in presence of ammonia and ammonium sulfate.
In Chapter 5 I address objectives 1-3 by presenting immersion freezing experiments performed
using a DSC on silica (quartz and amorphous silica) particles dispersed in solution droplets
containing ammonia and several inorganic salts viz. ammonium sulfate, ammonium bisulfate,
sodium sulfate and sodium hydroxide. Interestingly, quartz follows ∆𝑎𝑎𝑤𝑤,het = const (as predicted
by ABIFM) for most of these solute cases yet the overall IN efficiency is enhanced in the
presence of ammonium salts.
Lastly, in Chapter 6 main results are summarized and their implications are discussed, and an
outlook is given.

48

Chapter 3: Ice nucleation activity of silicates and aluminosilicates in pure water and aqueous
solutions. Part 1 - The K-feldspar Microcline

3 Chapter 3: Ice nucleation activity of silicates and
aluminosilicates in pure water and aqueous solutions.
Part 1 - The K-feldspar Microcline

~ published in Atmospheric Chemistry & Physics ~

Anand Kumar, Claudia Marcolli, Beiping Luo, Thomas Peter
Institute for Atmospheric and Climate Science, ETHZ, Zurich, 8092, Switzerland

Kumar, A., Marcolli, C., Luo, B., and Peter, T.: Ice nucleation activity of silicates and
aluminosilicates in pure water and aqueous solutions – Part 1: The K-feldspar microcline, Atmos.
Chem. Phys., 18, 7057-7079, https://doi.org/10.5194/acp-18-7057-2018, 2018.
Correspondence to: Anand Kumar (anand.kumar@env.ethz.ch)

49

Chapter 3: Ice nucleation activity of silicates and aluminosilicates in pure water and aqueous
solutions. Part 1 - The K-feldspar Microcline

50

Chapter 3: Ice nucleation activity of silicates and aluminosilicates in pure water and aqueous
solutions. Part 1 - The K-feldspar Microcline

Abstract
Potassium containing feldspars (K-feldspars) have been considered key mineral dusts for ice
nucleation (IN) in mixed-phase clouds. To investigate the effect of solutes on their IN efficiency,
we performed immersion freezing experiments with the K-feldspar microcline, which is highly IN
active. Freezing of emulsified droplets with microcline suspended in aqueous solutions of NH3,
(NH4)2SO4, NH4HSO4, NH4NO3, NH4Cl, Na2SO4, H2SO4, K2SO4 and KCl, with solute
concentrations corresponding to water activities 𝑎𝑎𝑤𝑤 = 0.9 – 1.0, were investigated by means of a

differential scanning calorimeter (DSC). The measured heterogeneous IN onset temperatures,
∆𝑎𝑎 het

𝑇𝑇het (𝑎𝑎𝑤𝑤 ) deviate strongly from 𝑇𝑇het𝑤𝑤 (𝑎𝑎𝑤𝑤 ), the values calculated from the water-activity-based
∆𝑎𝑎 het

het
het
) with a constant offset ∆𝑎𝑎𝑤𝑤
with respect to
approach (where 𝑇𝑇het𝑤𝑤 (𝑎𝑎𝑤𝑤 ) = 𝑇𝑇melt (𝑎𝑎𝑤𝑤 + ∆𝑎𝑎𝑤𝑤

the ice melting point curve). Surprisingly, for very dilute solutions of NH3 and NH4+ -salts

(molalities <~ 1 mol kg-1 corresponding to 𝑎𝑎𝑤𝑤 >~ 0.96), we find IN temperatures raised by up to 4.5

K above the onset freezing temperature of microcline in pure water (𝑇𝑇het (𝑎𝑎𝑤𝑤 = 1)) and 5.5 K
∆𝑎𝑎het

above 𝑇𝑇het𝑤𝑤 (𝑎𝑎𝑤𝑤 ), revealing NH3 and NH+
4 to significantly enhance the IN of the microcline

surface. Conversely, more concentrated NH3 and NH+
4 solutions show a depression of the onset
∆𝑎𝑎het

temperature below 𝑇𝑇het𝑤𝑤 (𝑎𝑎𝑤𝑤 ) by as much as 13.5 K caused by a decline in IN ability

accompanied with a reduction in the volume fraction of water frozen heterogeneously. All salt
∆𝑎𝑎het

𝑤𝑤
solutions not containing NH+
4 as cation exhibit nucleation temperatures 𝑇𝑇het (𝑎𝑎𝑤𝑤 ) < 𝑇𝑇het (𝑎𝑎𝑤𝑤 )

even at very small solute concentrations. In all these cases, the heterogeneous freezing peak
het
displays a decrease as solute concentration increases. This deviation from ∆𝑎𝑎𝑤𝑤
= const.

indicates specific chemical interactions between particular solutes and the microcline surface not
captured by the water-activity-based approach. One such interaction is the exchange of K+

available on the microcline surface with externally added cations (e.g. NH4+ ). However, the

presence of a similar increase in IN efficiency in dilute ammonia solutions indicates that the
cation exchange cannot explain the increase in IN temperatures. Instead, we hypothesize that NH3

molecules hydrogen bonded on the microcline surface form an ice-like overlayer, which provides
hydrogen bonding favorable for ice to nucleate on, thus enhancing both the freezing temperatures
and the heterogeneously frozen fraction in dilute NH3 and NH4+ solutions. Moreover, we show

that aging of microcline in concentrated solutions over several days does not impair IN efficiency
permanently in case of near neutral solutions since most of it recovers when aged particles are resuspended in pure water. In contrast, exposure to severe acidity (pH <~ 1.2) or alkalinity (pH >~
11.7) damages the microcline surface, hampering or even destroying the IN efficiency
irreversibly. Implications for IN on airborne dust containing microcline might be multifold,
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ranging from a reduction of immersion freezing when exposed to dry, cold and acidic conditions,
to a 5-K enhancement during condensation freezing when microcline particles experience high
humidity (𝑎𝑎𝑤𝑤 >~ 0.96) at warm (252 - 257 K) and NH3/NH+
4 -rich conditions.
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3.1 Introduction
Ice clouds play an important role in the Earth’s radiative budget and hence climate (IPCC, 2013).
The radiative properties of an ice cloud is determined mainly by its optical depth and its
temperature, i.e. altitude (Corti and Peter, 2009), which in turn depend on the number density and
size of the ice crystals formed (Stephens et al., 1990; 2003a; DeMott et al., 2003b). Additionally,
the formation of ice crystals affects cloud dynamics and in-cloud chemical processes, and it is one
of the most effective pathways to form precipitation in mid-latitudes, thus affecting cloud lifetime
(Lohmann, 2006). Given the existing uncertainties in understanding the formation of cold, high
cirrus and warmer, lower mixed-phase clouds, it remains imperative to continue exploring the
various ice nucleation (IN) mechanisms.
Ice formation in the atmosphere happens via both homogeneous and heterogeneous nucleation.
Homogeneous IN may occur spontaneously as a stochastic process in an aqueous liquid droplet,
which is metastable with respect to ice. For pure water droplets, homogeneous IN has been
described by classical nucleation theory (see Ickes et al. (2015a) for a recent review). For solution
droplets, a thermodynamic approach by Koop et al. (2000) shows that the nucleation is
independent of the nature of the solute, but depends only on the water activity (𝑎𝑎𝑤𝑤 ) of the
solution, such that the freezing point curve (for droplets of a certain size) can be derived from the
∆𝑎𝑎 hom

hom
melting point curve by a constant shift in 𝑎𝑎w , i.e. 𝑇𝑇het𝑤𝑤 (𝑎𝑎𝑤𝑤 ) = 𝑇𝑇melt (𝑎𝑎𝑤𝑤 + ∆𝑎𝑎𝑤𝑤
), where

hom
= 0.313 (Koop and Zobrist, 2009). Statistical analysis of freezing experiments indicates
∆𝑎𝑎𝑤𝑤

that heterogeneous IN is induced by active sites present on foreign bodies termed ice-nucleating

particles (INPs). Active sites are preferred locations for IN with minimum areas in the order of 10
– 50 nm2 based on estimates using classical nucleation theory (Vali, 2014; Vali et al., 2015b;

Kaufmann et al., 2017). IN can proceed through different mechanisms. Here we adopt the IN and
freezing terminology summarized by Vali et al. (2015b). Immersion freezing occurs when the INP
is immersed in a supercooled water droplet. Condensation freezing is considered to take place
when IN is concurrent with cloud droplet activation. Although condensation freezing is usually
mentioned as a distinct mode, it is still debated whether, on a microscopic scale, it is really
distinct from the other freezing modes (Vali et al., 2015b). Furthermore, freezing can be initiated
by an insoluble particle which penetrates the surface of a supercooled liquid droplet from the
outside, called contact freezing (Pruppacher and Klett, 1994; Vali et al., 2015b). This pathway
could also occur if the particle penetrates the droplet surface from the inside out (Durant and
Shaw, 2005; Shaw et al., 2005) and its efficiency depends on the position of the particle with
respect to the droplet surface (Nagare et al., 2016). Finally, there is one mechanism considered to
nucleate the ice phase directly by deposition of water vapor without forming liquid water as an
intermediate, namely deposition nucleation. This mechanism was recently questioned by Marcolli
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(2014), who suggested that what is considered deposition nucleation is in most cases pore
condensation and freezing (PCF) occurring in cavities on INPs which may retain water owing to
surface curvature forces described by the inverse Kelvin effect.
Mineral dust particles, composed mainly of quartz, feldspars, calcite and clays viz. kaolinite, illite
and montmorillonite in varying proportions, are a well-established class of INPs (Pruppacher and
Klett, 1994; Zobrist et al., 2008; Lüönd et al., 2010; Murray et al., 2011; Hoose and Möhler,
2012; Pinti et al., 2012; Atkinson et al., 2013; Cziczo et al., 2013a; Kaufmann et al., 2016). A
study by Atkinson et al. (2013) performed on minerals from the clay group and also on Kfeldspar, Na/Ca-feldspar, quartz, and calcite showed that the IN efficiency in the immersion mode
of K-feldspar is exceptionally high compared to the other minerals. Droplets containing Kfeldspar reached a frozen fraction of 50 % at 250.5 K compared with values below 240 K for the
investigated clay mineral. However, not all K-feldspar polymorphs exhibit the same high IN
efficiency. Microcline has been reported to be IN active at higher temperatures than orthoclase
and sanidine (Kaufmann et al., 2016).
A large proportion of earth’s crust consists of feldspar minerals, but only a minor fraction (~13%
according to Murray et al. (2012)) of the airborne atmospheric dust aerosol is composed of
feldspar mineral dust. However, considering that particles exceeding 1 µm in diameter are
typically aggregates of different minerals (Reid and Sayer, 2003; Kandler et al., 2011), even a
minor component of microcline might suffice to provide such supermicron particles with
excellent active sites and hence a high IN efficiency (Kaufmann et al., 2016).
To assess the relevance of atmospheric dusts for cloud glaciation, the role of atmospheric
processing for their IN efficiency needs to be taken into account. Nitrates, sulfates and organic
compounds present in the atmosphere are prone to adhere to the mineral dust particle surface
(Murphy and Thomson, 1997; Grassian, 2002). This process can take place already at the source
or during long-range transport of aerosol particles. Such chemical coatings may change the
particle surface and increase the hygroscopicity of the mineral dust core, e.g. making it easier for
the particles to take up water and form cloud droplets (Levin et al., 1996; Herich et al., 2009).
Since dust particles are an ensemble of various minerals with potentially different IN efficiencies,
the aging process and physico-chemical surface modifications add another complication in
resolving their IN efficiency (Prospero, 1999; DeMott et al., 2003b; Sassen et al., 2003). It is
imperative to single out components of mineral dusts and study how general or specific
coating/solute effects are in order to infer the role of atmospheric aging on IN by mineral dust
particles.
Describing the kinetic (non-equilibrium) IN process as a simple function of a thermodynamic
(equilibrium) quantity Δaw is tempting because of its simplicity. Therefore, the applicability of the
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“water-activity criterion” proposed by Koop et al. (2000) for homogeneous IN to heterogeneous
IN temperatures of various types of INPs in immersion mode has been probed by several studies
in the past. Zuberi et al. (2002) studied kaolinite and montmorillonite immersed in ammonium
sulfate solution droplets using optical microscopy. They tested, whether the heterogeneous
freezing on these clay minerals could be described by a constant water activity offset, i.e.
∆𝑎𝑎

kaol,mont
𝑇𝑇het𝑤𝑤,het (𝑎𝑎𝑤𝑤 ) = 𝑇𝑇melt (𝑎𝑎𝑤𝑤 + ∆𝑎𝑎𝑤𝑤,het ), and found general agreement for ∆𝑎𝑎𝑤𝑤
= 0.242, but

with remaining discrepancies either due to experimental conditions or due to heterogeneous
het
= const. At this point it should be noted that the homogeneous IN
freezing not satisfying ∆𝑎𝑎𝑤𝑤

approach by Koop et al. (2000) has a broad empirical basis and theoretical underpinning, whereas
het
heterogeneous IN satisfying ∆𝑎𝑎𝑤𝑤
= const is only valid under the assumption that the solute does

not affect the foreign surface.

Zobrist et al. (2008) used differential scanning calorimetry (DSC) and optical microscopy to
observe immersion freezing of silver iodide, nonadecanol, silica and Arizona Test Dust (ATD) in
solution droplets containing several organic substances and inorganic salts including ammonium
sulfate and sulfuric acid. They found that, when the results are analyzed in terms of the solution
het
𝑎𝑎𝑤𝑤 , a very consistent behavior emerged, allowing them to derive values for ∆𝑎𝑎𝑤𝑤
, which

described their measurements mostly within experimental error. Recently, Knopf and Alpert

(2013) used an even wider variety of INPs and solution mixtures (Pahokee Peat and Leonardite

serving as surrogates of Humic-Like Substances (HULIS); aqueous NaCl droplets containing two
distinct species of phytoplankton Nannochloris atomus and Thalassiosira pseudonana; aqueous
NaCl droplets coated by 1-nonadecanol; aqueous (NH4)2SO4 droplets containing illite; kaolinite,
aluminum and iron oxide particles, and fungal spores suspended in various aqueous solutions),
het
leading them to conclude that ∆𝑎𝑎𝑤𝑤
= const provides a good description (with a different offset

for each INP) and termed this the “𝑎𝑎𝑤𝑤 -based immersion freezing model (ABIFM)”. Several other
studies that have applied this approach to describe heterogeneous IN include Zobrist et al. (2006),

Knopf et al. (2011) and Archuleta et al. (2005) (see Knopf et al. (2018) for a detailed review on
this topic).
het
In contrast to ∆𝑎𝑎𝑤𝑤
= const, several other studies conducted with clay minerals and ATD coated

with sulfuric acid (Cziczo et al., 2009; Chernoff and Bertram, 2010; Sullivan et al., 2010a;

Augustin-Bauditz et al., 2014) reported a deterioration/inhibition of IN efficiency of dust particles

caused by an organic and/or inorganic coating/treatment. The reduction in the IN efficiency could
possibly be attributable to surface deterioration from acid treatment resulting in destruction of the
active sites. Möhler et al. (2008) observed marked but gradual decrease in IN efficiency of ATD
particles coated with secondary organic aerosol. In this case, active sites might remain intact but
disabled to act as INP because of the organic cover. In the absence of surface chemical reactions,
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the chemical coating might dissolve during cloud droplet activation, thereby releasing the mineral
surface again and restoring the ice-nucleating ability (Sullivan et al., 2010b; Tobo et al., 2012;
Kulkarni et al., 2014; Wex et al., 2014).
Evidently, it is difficult to understand the interactions of solute coatings with an INP surface
consisting of several minerals. In this and the companion papers (Part II and III) we attempt to
relate IN activities of pure mineral surfaces with the mineral surface properties by investigating
the differences in IN activity of structurally similar minerals in pure water and aqueous solutions.
In this study we present immersion freezing experiments using a DSC on particles consisting of
one single mineral, namely the most IN-active K-feldspar polymorph, microcline, dispersed in
solution droplets containing sulfuric acid, ammonia and several inorganic salts viz. ammonium
sulfate, ammonium chloride, ammonium nitrate, ammonium bisulfate, sodium sulfate, potassium
het
chloride, potassium sulfate. We will see that microcline deviates markedly from ∆𝑎𝑎𝑤𝑤
= const.

3.2 Methodology
3.2.1

Mineralogy, size distribution and BET surface area measurements

Feldspars are crystalline aluminosilicates with the general formula XAl1-2Si3-2O8, often written as
XT4O8, where T is an atom in tetrahedral coordination with oxygen, i.e. Al or Si. X represents an
alkali or alkaline earth metal, acting as a charge compensating cation. The feldspar crystal lattice
is composed of corner sharing AlO4− and SiO4 tetrahedra linked in an infinite 3D framework.
Each of the four oxygen atoms in one tetrahedron is shared by the neighboring tetrahedra. Hence,
the tetrahedron with Al at the center carries a single negative charge, which is compensated by
K+/Na+ (for 1 Al atom) or Ca2+ (for 2 Al atoms). Microcline is a K-rich feldspar and belongs
together with sanidine and orthoclase to the potassium feldspar group.
We used a microcline sample from Macedonia provided by the Institute of Geochemistry and
Petrology of ETH Zurich and milled it with a tungsten carbide disc mill. We determined the
mineralogical composition of the milled feldspar sample by means of X-ray diffraction (XRD) in
order to assess the mineralogical purity of the mineral. A quantitative analysis was performed
with the AutoQuan program, a commercial product of GE Inspection Technologies applying a
Rietveld refinement (Rietveld, 1967, 1969). Based on the X-ray diffractogram, the microcline
sample consists of 86.33% (± 1.71%) microcline, mixed with orthoclase (6.18% ± 0.72%) and
albite (7.49% ± 0.48%), a Na-rich feldspar. Number size distribution of the milled mineral was
obtained with a TSI 3080 scanning mobility particle sizer (SMPS) and a TSI 3321 aerodynamic
particle sizer (APS), and merged as described by Beddows et al. (2010). A lognormal distribution
was fitted to the size distribution yielding a mode diameter of 213 nm (Supplementary Material,
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Fig. S17). The Brunauer–Emmett–Teller (BET) nitrogen adsorption method was used to
determine the specific surface area for microcline as 1.91 m2 g-1.

3.2.2

Immersion freezing with emulsions of freshly prepared microcline suspensions in
water or aqueous solutions

Immersion freezing experiments were carried out with a DSC (Q10 from TA instruments) (see
Zobrist et al. (2008) for details). We prepared microcline suspensions of 2 wt% in water
(molecular biology reagent water from Sigma-Aldrich) with varying solute concentrations (0 – 15
wt%) viz. H2SO4 (Sigma Aldrich, 96.5%), NH3 solution (Merck, 25%), (NH4)2SO4 (Sigma
Aldrich, ≥ 99%), NH4Cl (Sigma Aldrich, ≥ 99.5%), NH4NO3 (Fluka, ≥ 99.5%), NH4HSO4 (Fluka,
≥ 99.5%), Na2SO4 (Sigma Aldrich, ≥ 99%), KCl (Sigma Aldrich, ≥ 99%), K2SO4 (Sigma Aldrich,
≥ 99%). To avoid particle aggregation, we sonicated microcline suspensions prepared in pure
water or salt solutions for 5 min before preparing the emulsions. The aqueous suspension and an
oil/surfactant mixture (95 wt% mineral oil (Sigma Aldrich) and 5 wt% lanolin (Fluka Chemical))
were mixed in a ratio of 1:4 and emulsified with a rotor-stator homogenizer (Polytron PT 1300D
with a PT-DA 1307/2EC dispersing aggregate) for 40 seconds at 7000 rpm. This procedure leads
to droplet size distributions peaking at about 2 – 3 µm in number and a broad distribution in
volume with highest values between 4 and 12 µm similar as the ones shown in Figs. 1 of Marcolli
et al. (2007), Pinti et al. (2012), and Kaufmann et al. (2016). Next, 4-10 mg of this emulsion was
placed in an aluminum pan, hermetically closed, and then subjected to three freezing cycles in the
DSC following the method developed and described by Marcolli et al. (2007). The first and the
third freezing cycles were executed at a cooling rate of 10 K min-1 to control the stability of the
emulsion. We ran the second freezing cycle at 1 K min-1 cooling rate and used it for evaluation of
freezing temperature (Thet and Thom) and heterogeneously frozen fraction (Fhet) as discussed below
(Zobrist et al., 2008; Pinti et al., 2012; Kaufmann et al., 2016). Emulsions were always freshly
prepared before a DSC experiment, which took about 75 - 90 min for the three freezing cycles
depending on the investigated temperature range.
Figure 3.1 shows a typical DSC thermogram. The first peak occurring at a higher temperature
shows the heat release due to heterogeneous freezing and the second peak occurring at a lower
temperature is due to homogeneous freezing. Throughout this article, we define the freezing
temperatures (Thet and Thom) as the onset points of the freezing signals (i.e., intersection of the
tangents at the greatest slope of the freezing signal and the extrapolated baseline), whereas the
melting temperature (Tmelt) was determined as the minimum of the ice melting peak. The heat
release is approximately proportional to the volume of water that froze heterogeneously or
homogeneously and is represented by the integral of the peak over time. Since the enthalpy of
freezing is temperature-dependent, this proportionality (as stated above) is only approximate
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(Speedy, 1987; Johari et al., 1994). We define the “heterogeneously frozen fraction”, Fhet, as the
ratio of the heterogeneous freezing signal to the total freezing signal from water frozen
heterogeneously and homogeneously. Spikes that may occur before the appearance of the
heterogeneous freezing signal are excluded from the evaluation as they originate from particularly
large single droplets in the tail of the droplet size distribution, which are not representative for the
sample. We prepared at least two separate emulsions from each suspension and report mean
values. Average precisions in Thet are ±0.15 K with maximum deviations not exceeding 0.8 K.
Thom, and Tmelt are precise within ±0.1 K. Absolute uncertainties in Fhet, are on average ± 0.02 and
do not exceed ± 0.1.

Figure 3.1: A typical DSC thermogram, showing freezing onset temperatures Thet and Thom and
the asymptotes used for their construction (black lines), as well as frozen fractions Fhet and Fhom
(shaded areas), which are normalized Fhet + Fhom = 1. The area under each peak corresponds to
the volume of water that froze homogeneously or heterogeneously. The straight violet line
connects the heterogeneous freezing signal onset with the end of the homogeneous freezing
signal) and is taken as the base line for evaluating the total frozen fraction. The vertical blue
line marks the minimum intensity between the homogeneous and heterogeneous freezing peak
and is taken as the separator between the areas under the heterogeneous and homogeneous
freezing peaks. Note that frozen fractions are determined in the time domain (heat flow as a
function of time) and not in the temperature domain shown here for illustration.

3.2.3

Immersion freezing experiments with microcline emulsions as a function of aging

Microcline (2 wt%) suspended in pure water, ammonia solution (0.05 molal), and ammonium
sulfate solutions (0.1 wt% and 10 wt%) were aged over a period of one week. Immersion freezing
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experiments as described in Section 3.2.2 were carried out with the DSC setup on the day of
preparation (fresh), then on the first, fourth and seventh day after preparation in order to assess the
long-term effect of ammonia and ammonium containing solutes on the IN efficiency of
microcline. Each suspension was sonicated for 5 min before preparing the emulsions in order to
re-suspend the particles that have settled over time and avoid particle aggregation.

3.2.4

Reversibility of interactions between microcline and solutes tested in immersion
freezing experiments

Suspensions of 2 wt% microcline prepared with relatively high solute concentration — 10 wt %
(NH4)2SO4, 2 wt % NH4HSO4, 0.5 wt % K2SO4, 2 molal ammonia solution — were aged for 10
days. The aged suspensions were then centrifuged for 2 minutes at 600 rpm, the supernatant
solution was removed and the settled particles were washed with pure water. This process was
repeated five times and the washed particles were resuspended either in pure water or in a dilute
solution of the same solute (i.e. water, 0.1 wt % (NH4)2SO4, 0.5 wt % NH4HSO4, 0.05 wt %
K2SO4, 0.05 molal NH3 solution). Using DSC, we compared immersion freezing of emulsions
containing dust treated in this manner with emulsions of fresh dust prepared with the same solute
concentration or in pure water.

3.3 Results
3.3.1

Effect of microcline concentration on the heterogeneous freezing signal

Figure 3.2 shows the DSC thermograms of the slow cooling run (1 K min-1) performed on
emulsions containing varying concentrations of microcline in pure water. The onset of the
heterogeneous freezing signal at 251 K for the lowest microcline concentration shifts only slightly
to 252 K for the highest concentration. The consistency of the freezing temperature indicates that
microcline contains a prevalent nucleation site with a well-constrained IN temperature. The
homogeneous freezing signal results either from the freezing of empty water/solution droplets or
droplets containing particles which are IN inactive. With lower particle concentration, more
droplets are devoid of particles hence contributing more to the homogeneous freezing signal.
Higher concentrations lead to an increase in number of particles per droplet. The dependence of
the heat signals on dust concentration was analyzed in more detail by Kaufmann et al. (2016). The
median droplet diameter in the emulsion is ~2 µm. For 20 wt% microcline suspensions, droplets
with diameters of 1.1 µm are on average filled with one microcline particle, while smaller
droplets are on average empty. This number shifts to 6.3 µm for 0.2 wt% microcline suspensions.
2 wt% suspensions were picked for further investigations leading to a good heterogeneous
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freezing signal with little particle agglomeration (see also Kaufmann et al. (2016) and Section
3.10). Droplets with diameters of about 12 µm are considered to be relevant for the freezing onset
in the DSC. For a 2 wt% suspension of microcline, these droplets contain about 1000 microcline
particles.

Figure 3.2: DSC thermograms of varying suspension concentrations of microcline particles in
pure water. All curves are normalized such that the areas under the heterogeneous and
homogeneous freezing curves sum up to the same value. Numbers next to each curve: dust
concentration (in wt%), onset temperature Thet (in K) and heterogeneously frozen fraction Fhet
(ratio of heterogeneous to total freezing signals, dimensionless), respectively. Note that the
spikes at T > 255 K are due to the freezing of single particularly large emulsion droplets. They
are not reproducible and therefore excluded from evaluation.

3.3.2

Dependence of the heterogeneous freezing temperatures and volume fractions on
water activity

Figure 3.3 shows heterogeneous (Thet) and homogeneous freezing onsets (Thom) and ice melting
temperatures (Tmelt) of all investigated solutes as a function of the solution water activity (aw),
which equals the ratio of vapor pressure of water in the solution and saturation vapor pressure of
pure water under the same conditions. The aw is obtained from the melting point depression
measured during the heating cycle using the Koop et al. (2000) parameterization. Hence all
melting temperatures lie exactly on the melting curve, except in case of Na2SO4 where aw has
been calculated based on the solute concentration using the AIOMFAC thermodynamic model at
298 K (Zuend et al., 2008; Zuend et al., 2011). This different procedure was necessary because
above the eutectic concentration of Na2SO4 (> 4.6 wt%), a hydrate of
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together with ice (Negi and Anand, 1985) thus corrupting the aw determination based on the
experimental melting temperatures. Although the water activity of solutions may show a
temperature dependence, the values determined at the melting temperature were assumed valid
also at the freezing temperatures. Such temperature dependencies vary from solute to solute
(Ganbavale et al., 2014) and may explain the deviation of the measured homogeneous freezing
points from the homogeneous freezing curve (dotted black line in Figure 3.3) obtained by a
hom (T)
constant shift of the melting curve (Koop et al., 2000) by ∆𝑎𝑎w
= 0.296. This mean offset

value is based on the present dataset and was obtained by a least-square root averaging of the
hom
individual ∆𝑎𝑎w
values of all measurements calculated as:

where

melt
𝑎𝑎w
(T)

hom
hom (𝑇𝑇)
melt (𝑇𝑇)
∆𝑎𝑎𝑤𝑤
(𝑇𝑇) = 𝑎𝑎𝑤𝑤
− 𝑎𝑎𝑤𝑤
is the ice melting curve (Koop et al., 2000).

(3.1)

Figure 3.3: Compiled results of the freezing experiments with microcline. Heterogeneous
freezing onset temperatures, Thet (filled solid symbols connected via thin lines), and
homogeneous freezing onset temperatures, Thom (open symbols at T = 225 – 237 K), and ice
melting temperatures, Tmelt (open symbols at T = 267 – 273 K) as functions of the solution water
activity, aw, for various solutes (symbols and colors see insert). All suspensions contain 2 wt%
microcline. Dash-dotted black line: ice melting point curve. Dotted black line: homogeneous ice
freezing curve for supercooled aqueous solutions obtained by horizontally shifting the ice
ℎ𝑜𝑜𝑜𝑜
melting curve by a constant offset ∆𝑎𝑎𝑤𝑤
(T) = 0.296. Solid black line: horizontally shifted from
ℎ𝑒𝑒𝑡𝑡
the ice melting curve by ∆𝑎𝑎𝑤𝑤 (T) = 0.187 derived from the heterogeneous freezing temperature
of the suspension of microcline in pure water (filled black square at aw = 1). Symbols are the
mean of at least two separate emulsion freezing experiments. Three symbols carry error bars to
show representative experimental variations (min-to-max) in Thet and aw.
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Figure 3.4: DSC thermograms of 2 wt% of microcline particles suspended in ammonium
bisulfate (ABS) solution droplets of varying concentration (0-5 wt% ABS). All curves are
normalized such that the areas under the heterogeneous and homogeneous freezing curves sum
up to the same value. The dashed line connects the heterogeneous freezing onset temperatures
(Thet) of the emulsions. With increasing ABS concentration Thet increases initially, then decreases
sharply. In contrast, the intensity of the heterogeneous freezing signal decreases monotonically,
implying continuous decrease in Fhet.

het
= 0.187 is applied to shift the ice melting curve to the
Similarly, a constant offset ∆𝑎𝑎w

heterogeneous freezing temperature of pure water, yielding the solid black line, which will be
het

∆𝑎𝑎
referred to as 𝑇𝑇het𝑤𝑤 (𝑎𝑎𝑤𝑤 ) from here onwards for simplicity. This curve would be expected in the

absence of specific interactions between the solute and the ice-nucleating surface so that the only
effect of the solute is a freezing point depression. However, as can be seen from Fig. 3 the
het

∆𝑎𝑎
measured heterogeneous freezing onset temperatures, Thet, deviate from 𝑇𝑇het𝑤𝑤 (𝑎𝑎𝑤𝑤 ). For all NH4+

solute cases in dilute concentrations viz. NH3 (< 1 molal), (NH4)2SO4 (< 0.16 molal), NH4HSO4

(< 0.18 molal), NH4NO3 (< 0.67 molal) and NH4Cl (< 0.99 molal), there is an increase in Thet
het

∆𝑎𝑎
compared to 𝑇𝑇het𝑤𝑤 (𝑎𝑎𝑤𝑤 ) near aw ~ 1. On the other hand, even low concentrations of a non-NH4+
het

∆𝑎𝑎
solute leads to strong decrease in Thet compared to 𝑇𝑇het𝑤𝑤 (𝑎𝑎𝑤𝑤 ). The decrease in Thet observed at

lower aw varies depending on the solute. Figure 3.3 also depicts representative variations
(maximum and minimum values) in Thet and aw by vertical and horizontal bars, observed over
several separate emulsion freezing experiments for each solute strength.
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Figure 3.5: Fhet (volume fraction of water frozen heterogeneously, see Figure 3.1) as function of
solution water activity (aw). All suspensions contain 2 wt% microcline. Three symbols carry
error bars showing representative experimental variations (min-to-max) in Fhet and aw. Absolute
uncertainties in Fhet do not exceed ± 0.1.

Variation in the intensities of heterogeneous and homogeneous freezing signals were also
observed depending on solute concentration. Figure 3.4 shows the DSC thermograms for
emulsion freezing of microcline suspended in NH4HSO4. It depicts that Thet first increases then
decreases while the area under the heterogeneous freezing signal continually decreases as the
NH4HSO4 concentration increases. Figure 3.5 shows the variation of the heterogeneously frozen
fraction Fhet (ratio of heterogeneous freezing signal to total freezing signal) with respect to aw. For
all NH+
4 solute cases, Fhet shows an increase in very dilute solutions, with NH4HSO4 being the

only exception. Even low concentrations of a non-NH+
4 solute decrease Fhet. The decrease in Fhet

observed at higher aw varies depending on the solute. These trends are very similar to the ones
observed for Thet with a few exceptions. For the NH+
4 solute cases, the aw range with an increase

in Fhet is narrower than the range with an increase in Thet. The ammonia solutions show a higher
enhancement of Fhet over a larger aw range compared to the NH+
4 -containing solutes.
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3.4 Discussion
3.4.1

Heterogeneous ice nucleation of microcline in pure water

Our microcline sample (from Macedonia) exhibits onset freezing temperatures Thet of 251 – 252 K
for suspensions in pure water with concentrations between 0.2 wt% and 20 wt%. Kaufmann et al.
(2016) investigated two microcline samples with onset freezing temperatures of 250.5 – 251.8 K
(microcline from Namibia) and 251.8 – 252.8 K (microcline from Elba) for suspension
concentrations of 0.5 – 10 wt% . Moreover, they determined active particle fractions of 0.64 for
Microcline Elba and 0.54 for Microcline Namibia, but concluded that considering the
uncertainties associated with these estimates, the data would also be consistent with an active
particle fraction of one. Thus, the increase of the microcline surface area present in the emulsion
droplets by a factor of 100 only leads to an increase of the onset freezing temperature by 1 K.
Such a slight increase of freezing temperature onsets with increasing suspension concentration
was also observed in the case of the mineralogically quite pure kaolinite KGa-1b (Pinti et al.,
2012) and is a sign of the presence of a characteristic active site on the surface that induces
freezing in a narrow temperature range.
Atkinson et al. (2013) report an active site density of about 106 cm-2 for microcline between 251 K
and 252 K. The freezing onset for 2 wt% microcline suspensions in pure water is ~252 K (see
Figure 3.2). We assume that for 2 wt% suspensions, droplets containing about 1000 particles are
responsible for the freezing onset (see Sect. 3.3.1). This assumption results in an active site
density of at least 5x10-5 cm-2 at 252 K. The same evaluation for 0.2 wt% and 20 wt% microcline
emulsions yields active site densities of at least 5x106 cm-2 and at least 5x104 cm-2 at 251 K and
252 K, respectively. Note, that it is only possible to determine a lower limit of active site densities
because more than one site within a droplet may be responsible for freezing especially at high
suspension concentrations. Considering the roughness of the estimate and that microcline samples
from different sources and origins are compared, the active site densities of our emulsion freezing
experiments are in excellent agreement with the ones reported in Atkinson et al. (2013).
Niedermeier et al. (2015) and Burkert-Kohn et al. (2017) performed IN experiments with single
microcline particles immersed in a water droplet in chambers with residence times in the order of
seconds. Niedermeier et al. (2015) observed onset freezing temperatures of 248 K. Their onset
corresponds to a frozen fraction of 0.02 to 0.05 and does not vary much for particles with
diameters from 200 nm to 500 nm. The 500 nm particles achieve an ice active fraction of one,
while the smaller particles reach a plateau below an ice active fraction of one at 238 K. BurkertKohn et al. (2017) performed single particle immersion freezing experiments with size-segregated
microcline and found a frozen fraction of 0.1 up to 253 K for 300 nm particles and up to 248 K
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for 200 nm particles. Overall, the freezing onsets of the single particle measurements seem to be
slightly lower than the onsets of emulsion freezing experiments. This discrepancy may be
explained at least partly by experimental differences: (i) the onset conditions of the single particle
measurements corresponds with a higher frozen fraction of 0.02 – 0.05 compared with 0.001
estimated for the emulsion freezing experiments, (ii) the timescale of the single particle
experiments was in seconds compared with minutes for emulsion freezing experiments, (iii) the
microcline samples were not the same.

3.4.2

Heterogeneous ice nucleation described by the water-activity-based approach

The water-activity-based approach assumes that the decrease in freezing temperature with
increasing solute concentration is solely a result of the freezing point depression with no or
insufficient specific interactions with the particle surface to modify its IN efficiency and can
∆𝑎𝑎 het

het
therefore be described with 𝑇𝑇het𝑤𝑤 (𝑎𝑎𝑤𝑤 ) = 𝑇𝑇melt (𝑎𝑎𝑤𝑤 + ∆𝑎𝑎𝑤𝑤
). Note that this derivation of the

heterogeneous freezing temperatures on the basis of the solution water activity and the freezing
temperature of the suspension in pure water is analogous to the one of ABIFM and results in the
same predictions. If this approach were valid, the heterogeneous freezing temperatures of
microcline solution droplets should align along the solid black line in Figure 3.3, which was
het
obtained with ∆𝑎𝑎𝑤𝑤
= 0.187 needed to shift the ice-melting curve to the heterogeneous freezing

temperature of the microcline suspension in pure water. The strong deviations of the

heterogeneous freezing temperatures from this line imply specific interactions between microcline
and the solutes. Different types of specific interactions are conceivable such as surface cation
exchange, adsorption of solutes due to hydrogen bonding or van der Waals forces as well as
irreversible surface destruction under extreme pH conditions. In the case of microcline, specific
interactions are conceivable at different sites, namely at cationic and anionic centers. A cationic
center is represented by K+ while the polar silanol groups (≡Si-OH) or relatively non-polar
siloxane groups (≡Si-O-Si≡) (Abramov, 1993) represent anionic centers.

3.4.3
3.4.3.1

Increased IN efficiency at low solute concentration
Role of surface cation exchange

When microcline particles are suspended in water, the native charge-balancing cations (K+) from
the surface cationic centers of microcline are exchanged by H+ or rather by H3O+ (Fenter et al.,
2003; Lee et al., 2008). This initial cation exchange is estimated to last approximately 1 min in
pure water saturated with CO2 and results in depletion in K+ of the first layer at the surface
(Busenberg and Clemency, 1976; Fenter et al., 2000; Chardon et al., 2006). The presence of
additional external cations in a salt solution introduces competition in the cation exchange. The
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hydrated size of the externally introduced cations, the stability of surface complexes and the pH of
the solution are factors that govern the cation-exchange selectivity of the aluminosilicate surface
(Garrels and Howard, 1959; Petrović et al., 1976; Auerbach et al., 2003; Ohlin et al., 2010;
+
Belchinskaya et al., 2013). The externally added NH+
4 (ionic radius of 1.42 Å) and Na (ionic

radius of 0.98 Å) ions can potentially exchange with the native K+ (ionic radius of 1.33 Å) ions in
competition with H+.

∆𝑎𝑎 ℎ𝑒𝑒𝑒𝑒

Figure 3.6: ΔThet (difference in observed Thet and 𝑇𝑇ℎ𝑒𝑒𝑒𝑒𝑤𝑤 (𝑎𝑎𝑤𝑤 )) as a function of ratio of number
of externally added cations (from solute) to native potassium ions, K+, available for exchange on
+
the microcline surface. Upper panel: NH3 and NH+
4 containing solutes. Lower panel: non-𝑁𝑁𝑁𝑁4
solutes. The dashed black lines in both panels depict ΔThet = 0 (shown to guide the eye).
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Figure 3.6 shows ΔThet (the difference between observed Thet and expected Thet depicted by the
het

∆𝑎𝑎
solid black line 𝑇𝑇het𝑤𝑤 (𝑎𝑎𝑤𝑤 ) in Figure 3.3) vs. [X+]/[K+] (the ratio of the concentration of

+
+
+
externally added cations X (= NH+
4 /Na /K ) to the concentration of surface K available for the

ion exchange; see Section 3.9). The concentration of NH+
4 in NH3 solutions is based on the
+
reversible equilibrium NH3 + H3O+ ↔ NH+
4 + H2O. In the case of NH4 -containing solutes, ΔThet

+
increases up to 5.5 K as the cation ratio is increased to [NH+
4 ]/[K ] ≈ 1000, while a further
+
increase results in decreasing ΔThet. Interestingly, ΔThet starts to increase only after [NH+
4 ]/[K ]

has reached a value of 1, with the exception of (NH4)2SO4 solutions. Cation exchange on the
surface is the primary process that takes place when NH+
4 encounters microcline (Marshall, 1962;
Demir et al., 2001; Demir et al., 2003). Since the affinity of the microcline surface towards NH4+

is very strong (Nash and Marshall, 1957), the surface ion replacement of K+ by NH+
4 can be

considered absolute even at the lowest solute concentrations, implying that the ion exchange of K+

+
+
by NH+
4 is completed or almost completed when [NH4 ]/[K ] reaches 1. Since the IN efficiency

increases only after the ion exchange has been completed, the replacement of K+ by NH+
4 does not

seem to be the reason for the enhanced IN efficiency in NH+
4 containing solutions. Rather, the

presence of adsorbed NH+
4 or NH3 on the surface seems to cause the improved ice nucleating

capability of microcline (see Section 3.4.3.2). In the case of non-NH4+ solutes, a monotonic
decrease in ΔThet is observed as the exchangeable cation ratio increases. This is also the case for

K+ containing solutes which reduce the replacement of K+ by H+ implying that the particles will
tend to retain surface-K+.
Zolles et al. (2015) suggested that the superior IN efficiency of K-feldspars may be related to the
kosmotropic (structure making) characteristic of K+ in the surface layer of microcline. However,
the experiments performed here do not confirm that the presence of K+ in the microcline
suspension has a positive effect on the IN efficiency. Rather, increasing the concentration of K+
ions in the surface layer of the mineral by adding a K+ containing solute decreases the IN
efficiency compared to the pure water case. Also, the addition of K2SO4 has a similar
deteriorating effect on the IN efficiency of microcline as the addition of Na2SO4 rendering an
explanation of the superior IN efficiency of K-feldspars compared with Na-feldspars based on the
nature of the charge neutralizing cation doubtful.
3.4.3.2

Role of adsorbed NH3

A good lattice match is often listed among the requirements that may render a crystalline surface
IN active (Pruppacher and Klett, 1994). However, Pedevilla et al. (2016) demonstrated with ab
initio density functional theory calculations that ice-like overlayers do not form in the contact
layer on the most easily cleaved (001) surface of microcline. Nevertheless, they concluded that
this surface may induce ice-like ordering in the second overlayer by highlighting the role of
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surface hydroxyl (≡Al-OH/≡Si-OH) groups on the (001) plane of microcline. The –OH group may
form hydrogen bonds with incoming water molecules on the surface resulting in a contact layer
that may provide a template for further layers to arrange in ice-like manner. The –OH groups
could also hold the answer to the variability in IN efficiency of various feldspars as they could be
affected by weathering processes, chemical aging, microtexture, Al:Si order, etc. (Yang et al.,
2014b; Harrison et al., 2016; Peckhaus et al., 2016; Tang et al., 2016). Using molecular dynamics
simulations, Lupi et al. (2014) and Lupi and Molinero (2014), have recently shown that even nonmineral graphitic surfaces can promote IN due to surface-induced ordered layering of interfacial
water. Kiselev et al. (2016) suggested that microscopic patches of the high energy (100) surface of
feldspar should be responsible for the high IN efficacy of K-feldspars rather than the more
common low energy (001) surface. If this were the case, the (100) face would need to be present
on almost all particles since the majority of submicron microcline particles show IN activity
(Niedermeier et al., 2015; Kaufmann et al., 2016). However, the (100) face is a high energy face
that is not easily cleaved during milling and disappears during crystal growth. Moreover,
Pedevilla et al. (2016) attribute IN activity to the common, easily cleaved (001) face, which we
expect to dominate IN on submicron particles due to its prevalence on the particle surface. Whale
et al. (2017) explain the exceptional ice-nucleating ability of alkali feldspars to microtextures
related to phase separation into Na and K-rich regions. Since such features are very rare, they
might account for the IN activity at the warmest temperatures observed in bulk experiments but
are unlikely the reason for the ice active sites probed in our emulsion experiments, which are
present in almost all submicron particles.
Several studies have shown that NH+
4 is not only effective for surface cation exchange but also
attaches to the aluminosilicate surface with high bonding energy (Nash and Marshall, 1957;

Barker, 1964; Russell, 1965; Dontsova et al., 2005; Belchinskaya et al., 2013). The increase of
ΔThet for [NH4+ ]/[K+] < 1 in case of the (NH4)2SO4 and NH3 solutions suggests NH3 to be the

interacting molecule, since these solutions contain NH3 even at the lowest concentration. There is
also an enhanced IN efficiency in terms of heterogeneously frozen fraction Fhet when microcline

is suspended in NH3/NH4+ containing solutions, as shown in Figure 3.5. Since the degree of
aggregation of microcline particles is not altered in dilute solutions compared to the pure water

case (see Section 3.10), the presence of NH4+ or NH3 seems to activate nucleation sites that were

inactive in pure water. The increased IN efficiency also observed in the case of dilute NH3
solutions suggests that after the initial cation exchange, the aqueous NH3 formed from excess
NH+
4 ions is adsorbed on the microcline surface and enhances its IN efficiency. NH3 can make
hydrogen bonds with surface hydroxyl groups with nitrogen atoms facing the surface and

providing an abundant number of protons facing towards the bulk water allowing water molecules
to orient with the protons facing the bulk (Wei et al., 2002; Anim-Danso et al., 2016). This
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orientation of hydrogen bonding provided by NH3 may indeed be the reason for the enhanced IN
efficiency of microcline in the presence of NH3 and NH4+ . The enhancement in IN efficiency is

restricted to certain NH4+ concentrations as excess solute strength hampers the IN efficiency

(discussed in Sect. 4.4). A positive effect of NH3 on the IN efficiency in deposition mode was
observed by Salam et al. (2007; 2008) when they exposed montmorillonite particles to NH3 gas.

Therefore, we suggest that NH3 is able to improve the IN efficiency of active sites and even to
create new active sites and thus to increase the overall number of active sites as indicated by the
increase in Fhet.

3.4.4

Reduced ice nucleation activity at higher solute concentrations

Strong reduction in the IN efficiency of size-segregated K-feldspar (76% microcline) particles has
been reported after they were coated with sulfuric acid (Kulkarni et al., 2012; Augustin-Bauditz et
al., 2014). It was found that coating thickness, hence concentration, and exposure time are
important factors that govern the extent to which the acid treatment modifies the lattice structure
of K-feldspar. This has been corroborated by Burkert-Kohn et al. (2017) who showed that the
same feldspar (200 nm and 300 nm size segregated) turned almost ice inactive after treatment (12
hours) with 1 molar sulfuric acid and 1 molar nitric acid. Similar effects can be observed in the
current study. Even the slightest increase in the sulfuric acid concentration (0 – 0.09 molal)
drastically decreased Fhet. Similarly, increasing the concentration of NH4HSO4 resulted in the
reduction of Fhet while Thet still showed an increase at low concentration (aw = 1 – 0.985). We
attribute these opposite effects to the competition between the enhancement of the IN efficiency
−
by NH+
4 and the destruction of IN active sites by HSO4 .

For all investigated salts, the IN efficiency decreases at higher solute concentration (Figure 3.3
and Figure 3.5). For a given water activity, Thet and Fhet are highest for NH4Cl and decrease in the

order of NH4Cl > NH4NO3 > NH4HSO4 > (NH4)2SO4 > Na2SO4 > KCl > K2SO4. The difference in
IN efficiency for salts with the same cation suggests that anions as well as cations play a role in
the decrease of IN efficiency at higher concentrations.
The decrease in IN efficiency of microcline in suspensions with high solute concentrations shows
two specific dependencies on the nature of the salt, namely, (i) the sulfate decreases the IN
efficiency more strongly than chloride and nitrate, (ii) K+ and Na+ decreases the IN efficiency
when compared with the pure water case and even more compared with NH4+ .

The microcline surface has a negative charge at neutral pH arising from dissociated silanol groups
(Demir et al., 2001; Demir et al., 2003; Karagüzel et al., 2005; Gülgönül et al., 2012). While at
low concentrations, cations predominantly participate in ion exchange, increasing the solute
concentration leads to adsorption of cations on the negatively charged feldspar surface. This
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induces the buildup of an electrical double layer consisting of a compact inner layer occupied
mainly by cations and a more diffuse outer layer made up of cations and anions. The size and
charge of the ions influence the thickness of the layer and the zeta potential (Yukselen-Aksoy and
Kaya, 2011). The double layer may influence the IN efficiency of microcline at higher solute
concentration, since the high ion concentration at the particle surface may block nucleation sites.
The stronger decrease of IN efficiency in the presence of sulfate compared with other anions hints
to specific interactions of sulfate with the IN active sites on the microcline surface. Indeed,
sulfates have been described to attach strongly to feldspar surfaces (Priyantha and Perera, 2000).
This adsorption has been explained by monodentate surface complexes of sulfate with tetrahedral
-

Al sites (Min et al., 2015). The binding of sulfate leads to the release of OH , thus decreasing the
number of Al-OH groups available for hydrogen bonding, resulting in a decrease of proton
density on the microcline surface.
The addition of KCl decreases Fhet even at the lowest concentration of 7x10-5 molal. Increasing
the K+ concentration reduces the exchange of surface K+ with H+ and eventually prevents it. The
total absence of IN activity at higher K+ concentrations indicates that the replacement of K+ with
H+/H3O+ is essential for the IN activity of microcline. This suggests that the higher IN efficiency
of K-feldspars compared with (Na, Ca)-feldspars does not stem from the beneficial effect of K+ in
the surface layer. For instance, the comparison of K2SO4 with Na2SO4 solutions with the same
water activity shows that the presence of K+ has even a more negative effect on Fhet than Na+.

3.4.5

Aging effect

Suspension of feldspars in water leads to the immediate release of surface cations within minutes
(Nash and Marshall, 1957; Busenberg and Clemency, 1976; Smith, 1994; Peckhaus et al., 2016).
Over a period of years, the continuous release of silica as silicic acid, hydrated alumina and small
structural fragments leads to the slow disintegration of feldspar and to the buildup of new
minerals (DeVore, 1957; Banfield and Eggleton, 1990). During this slow dissolution, a surface
layer is considered to form on the feldspar surface (Busenberg and Clemency, 1976; Alekseyev et
al., 1997; Zhu, 2005; Zhu and Lu, 2009). Interestingly, this slow dissolution of microcline is
accompanied with only a slight reduction in IN efficiency even after several months as shown in
experiments by Peckhaus et al. (2016) and Harrison et al. (2016). In order to assess the effect of
solutes on IN efficiency over time, aging experiments were performed over a period of one week
with microcline (2 wt%) suspended in ammonia (0.05 molal) and ammonium sulfate (0.1 and 10
wt%) solutions as well as in pure water (Figure 3.7). These are single measurements and
uncertainties in Thet and Fhet are assumed to be at maximum 0.8 K and 10%, respectively, taken
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from the data of multiple experiments performed on fresh microcline suspended in aqueous
solution as shown in Figure 3.3.
Figure 3.7 indicates that Thet is preserved over seven days when microcline is suspended in pure
water. However, Fhet dropped from 0.75 to 0.49 after one day and then remains constant within
measurement uncertainties. Suspending microcline in dilute NH3 and (NH4)2SO4 solutions leads
to an immediate increase in Thet compared with the pure water case with no clear further trend
over the next seven days. Suspending microcline in a concentrated (NH4)2SO4 solution leads to an
immediate decrease in Thet and Fhet compared with the suspension in pure water with no clear
further trend during the next days. This indicates, that in addition to the immediate effect of
solutes on Thet and Fhet, dilute NH3 and (NH4)2SO4 solutions might have a long term preserving
effect on the IN activity represented by Fhet remaining constant, maybe because of a stabilizing
effect on the feldspar surface slowing down its dissolution in water.

Figure 3.7: Development of Thet (upper panel - squares) and Fhet (lower panel - triangles) for 2
wt% microcline suspended in water, 10wt % (NH4)2SO4, 0.1wt % (NH4)2SO4, 0.05 molal
ammonia solutions over a period of one week.
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The solution pH influences the surface charge of hydroxylated mineral surfaces. This again
influences the ordering of water molecules at the water/mineral interface and the IN efficiency as
was recently shown by Abdelmonem et al. (2017). In case of feldspars, the pH of the solution is,
in addition, an important parameter in determining the stability of the feldspar surface. Extreme
pH conditions enhance the dissolution of the aluminosilicate framework resulting in a faster
surface degradation than under near-neutral conditions (Wollast, 1967; Busenberg and Clemency,
1976; Berner and Holdren, 1979; Skorina and Allanore, 2015). Indeed, deposition and immersion
nucleation experiments showed reduced IN efficiency for sulfuric acid-coated feldspar particles
(Kulkarni et al., 2014).
Given the dilute concentrations of (NH4)2SO4 and NH3 solutions used in the aging experiments,
they provide only slightly acidic (pH 5.5) and basic conditions (pH 10.9), respectively. Therefore,
the results suggest that even though the pH conditions play a role in the aging experiments, a
counterbalancing stabilizing effect of NH3 and NH4+ kept the IN efficiency of microcline more or

less unaffected during the studied timescales.

3.4.6

Reversibility of surface modifications

From the above sections we understood how certain inorganic species affect the IN efficiency of
microcline. To investigate the reversibility of these modifications we ran emulsion freezing
experiments on microcline samples that were first aged under concentrated solute conditions for
10 days and then resuspended in pure water or a dilute solution. The samples were aged under the
following conditions: 10 wt % (NH4)2SO4 (pH 5.5), 2 wt % NH4HSO4 (pH 1.2), 0.5 wt % K2SO4
(pH 8.4), and 2 molal NH3 (pH 11.7) solutions and then resuspended in pure water and dilute
solution. The aim of the reversibility tests are twofold, namely (i) to learn more about the
properties of active sites by testing their stability under severe pH conditions, (ii) to investigate
the relevance of microcline as an INP after atmospheric aging.
The upper panel in Figure 3.8 shows the change in Thet between the treated particles (resuspended
in water or dilute solutes) and its fresh counterpart (∆Thet = Thet, treated – Thet, fresh). The lower panel
in Figure 3.8 shows the relative decrease in Fhet for the treated particles with respect to its fresh
counterpart, expressed as fraction ((∆Fhet)relative = (Fhet,

treated

– Fhet,

fresh)/

Fhet,

fresh).

ΔThet and

(ΔFhet)relative are represented as a function of the pH of solution used for aging over 10 days. We
chose a presentation as a function of pH because we consider the increased dissolution rates at
low and high pH (see Section 3.5) as a determinant of IN activity after aging because it enhances
the degradation of the surface which may result in the irreversible loss of active sites.
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Figure 3.8: Aging of 2 wt% microcline suspended in 10 wt% (NH4)2SO4, 2 wt% NH4HSO4, 0.5
wt% K2SO4, or 2 molal NH3 solutions for 10 days, sorted according to the solution pH. After the
treatment the particles were centrifuged, washed and resuspended in pure water or dilute
solutions (0.1 wt% (NH4)2SO4, 0.5 wt% NH4HSO4, 0.05 wt% K2SO4, 0.05 molal NH3) and then
freezing measured using DSC. Upper panel: difference in Thet between particles treated in such a
way and particles freshly suspended in pure water or very dilute solutions. Dashed black line:
ΔThet = 0 shown to guide the eye. Lower panel: relative decrease in heterogeneously frozen
fraction, (ΔFhet)relative = (Fhet,treated – Fhet,fresh)/Fhet,fresh. The green shaded area in both panels depicts
a suggested range for ΔThet and Fhet based on the results from this study.

Although the decrease in Thet in a freshly prepared 2 molal NH3 solution is in the range expected
according to the water-activity-based approach (as shown in Figure 3.3), there is no recovery
when the microcline is resuspended in pure water or in a dilute NH3 solution (0.05 molal; pH
10.2) after ten days. The irreversible loss of IN activity is even clearer in terms of (ΔFhet)relative.
Similarly, although Thet is even increased when a microcline suspension freshly prepared in 2 wt%
NH4HSO4 is frozen, the acidic conditions in the suspension lead to the irreversible loss of IN
activity after ten days as can be seen from ΔThet = -6 to -7 K and only a partial recovery in terms
of Fhet of the resuspended samples in pure water and in a dilute NH4HSO4 (0.5 wt%; pH 1.6)
solution.
On the other hand, the loss of IN efficiency in concentrated (NH4)2SO4 (10 wt%) and K2SO4 (0.5
wt%) is largely reversible. While Thet is almost fully recovered, Fhet of the resuspended samples
remains below the value of the freshly prepared suspensions. This shows that aging at near-
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neutral conditions leads to less permanent damage of the microcline surface than aging under
more extreme pH conditions. Rather, in the presence of (NH4)2SO4 and K2SO4 a part of the
nucleation sites seem to be reversibly shutdown by the solutes and are able to recover.
The dependence of the recovery of IN activity on the solution pH during aging, suggests that the
irreversible loss of IN activity is related to the pH dependence of the dissolution rate of
microcline. The dissolution of feldspars is slowest at neutral or near neutral conditions (pH 3 – 8)
and increases towards low and high pH (Helgeson et al., 1984). At low pH the cations and Al are
depleted, and an amorphous Si-enriched surface layer may form (Chardon et al., 2006; Lee et al.,
2008). Dissolution is supposed to occur predominantly at high energy sites, such as kink sites or
defects, leading to a roughening of flat areas on freshly cleaved surfaces and to rounding of the
steps (Chardon et al., 2006). These surface modifications seem to correlate with the irreversible
loss of IN active sites that we observe at acidic (pH <~ 1.2) and alkaline (pH >~ 11.7) conditions.

3.5 Atmospheric implications
Mineral dust particles, when lifted into the upper troposphere, have lifetimes of several days and
can be transported over long distances (Huneeus et al., 2011). Quartz is the dominant component
of dusts collected near the source region, while the clay mineral fraction dominates at locations
far away from the source (Murray et al., 2012). Nevertheless the minor contributions of feldspars
to atmospheric dust aerosols have been suggested to determine the IN efficiency of mineral dusts
under mixed-phase cloud conditions because of their high IN efficiency (Atkinson et al., 2013;
Tang et al., 2016). The temperature regime probed in our experiments is relevant to mixed phase
clouds (273 K - 236 K) where liquid phase is observed before ice crystal formation (Ansmann et
al., 2009; Wiacek et al., 2010; de Boer et al., 2011).
Transported mineral dust particles may acquire a coating when they come in contact with reactive
gases and semivolatile species (Usher et al., 2003; Kolb et al., 2010; Ma et al., 2012; He et al.,
2014; Tang et al., 2016) or when they undergo cloud processing (Fitzgerald et al., 2015). The
chemical composition and thickness of the coating depend on the particle mineralogy and on the
transport pathway (Matsuki et al., 2005a; Sullivan et al., 2007; Fitzgerald et al., 2015). Calciumrich particles, originating from calcite, have been shown to be more susceptible to processing by
SO2 and NOy than silicates and aluminosilicates (Matsuki et al., 2005b). Furthermore, airborne
and ground station measurements imply that Saharan dust particles undergo little chemical
processing during long-range transport across the Atlantic unless they become incorporated in
cloud droplets by acting as cloud condensation nuclei (CCN) (Matsuki et al., 2010; Denjean et al.,
2015; Fitzgerald et al., 2015). An exception includes desert dusts originating from the industrial
regions at the Atlantic coast of Morocco, Algeria, and Tunisia, which show high concentrations of
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ammonium, sulfate, and nitrate when sampled at Tenerife, Canary Islands (Rodríguez et al.,
2011). Conversely, the exposure of Asian dust to more polluted air masses with higher
concentrations of reactive gases shifts its population towards a prevalence of coated particles even
in the absence of cloud processing. By means of online single-particle mass spectrometry onboard
a research vessel, Sullivan et al. (2007) found that high amounts of sulfate accumulated on
aluminosilicate-rich Asian dust, while calcium-rich particles became enriched in nitrate. When
passing through polluted regions with agricultural activity, the sulfates and nitrates may become
neutralized by ammonia (Sullivan et al., 2007). By analyzing satellite data, Ginoux et al. (2012)
found that soil dust originating from cropland is often mixed with ammonium salts already before
long-range transport. Since particles with soluble coatings are more susceptible to cloud droplet
activation, they have an enhanced potential to induce cloud droplet freezing in immersion or
condensation mode than uncoated particles.
The emerging picture suggests to discriminate situations when dust in the atmosphere is either
mainly exposed to rather low NH3 conditions, which keeps the aerosols acidic, or to polluted,
highly ammoniated situations. We discuss the fate of microcline in atmospheric solution droplets
following atmospheric air parcel trajectories P1 through P3 (red and yellow arrows) with
increasing moisture (as shown in Figure 3.9). As the basis of this discussion we use the freezing
onsets and heterogeneously frozen fractions shown in Figure 3.3 and Figure 3.5, respectively.
Figure 3.9 therefore shows freezing onsets that reflect the IN activity of the best microcline
particle out of about 1000. Scenarios for average microcline particles would be exactly the same,
only with all reported temperatures shifted downwards to about the maximum of the
heterogeneous freezing signal, i.e. by 2 – 4 K. The phase diagrams show T vs aw in Figure 3.9A
and the supersaturation with respect to ice, Sice vs T in Figure 3.9B. The three atmospheric air
parcels P1, P2, and P3 contain 0.3 hPa, 1.5 hPa and 2.0 hPa H2O partial pressure, respectively,
and are supposed to cool adiabatically, attaining ice saturation at 242 K, 257 K and 260 K (or
water saturation at 238.8 K, 255.1 K and 258.4 K, respectively).
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Figure 3.9: Phase diagrams, aw - T (panel A) and T - Sice (panel B), showing the development of
aerosols containing microcline in dry (P1), moist (P2) and wet (P3) air parcels undergoing
adiabatic cooling (red arrows) until ice nucleates (white hexagons). Blue curves: heterogeneous
freezing onset temperatures, Thet, of 2 wt% microcline suspended in aqueous (NH4)2SO4 or H2SO4
solutions. Color coding: heterogeneously frozen fraction, Fhet, ranging from high (blue) to
vanishing (yellow). In aqueous (NH4)2SO4, ice can nucleate heterogeneously on microcline. In
aqueous H2SO4, microcline is largely deactivated and ice nucleates homogeneously only after
further cooling (yellow arrows) and forming a supercooled liquid water cloud (filled blue circles).
Solid black line: water saturation (aw = 1, RH = 100%). Dash-dotted black line: homogeneous
ℎ𝑜𝑜𝑜𝑜
ice nucleation, horizontally shifted from the ice melting curve by a constant offset ∆𝑎𝑎𝑤𝑤
= 0.296.
ℎ𝑒𝑒𝑒𝑒
Dotted black line: shifted by ∆𝑎𝑎𝑤𝑤 = 0.187 derived from microcline suspended in pure water.
Atmospheric freezing modes: “imm” = immersion; “cond” = condensation; “hom” =
homogeneous. Entrainment/detrainment at cloud edges may cause nucleation at up to 4 K higher
temperature than “imm” (green double arrow, “mix”).
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To stay in equilibrium with the increasing relative humidity, the solution droplets take up water so
that their water activity corresponds to the relative humidity in the air parcel. Subsequently, we
distinguish ammonia-rich solutions, represented by (NH4)2SO4, and highly acidic solutions,
represented by H2SO4. Figure 3.9 shows the corresponding heterogeneous freezing lines, colorcoded with respect to the heterogeneously frozen fraction Fhet (see color bar), according to Figure
3.3 for heterogeneous onset temperatures Thet and Figure 3.5 for the heterogeneously frozen
fraction Fhet of microcline,.
Parcel P1 – dry conditions. Under dry conditions, microcline-containing (NH4)2SO4-H2O droplets
may nucleate ice heterogeneously in immersion mode (marked “imm” in Figure 3.9) around 239
K (aw ≈ 0.97 Sice ≈ 1.35), albeit only with a reduced Fhet. In contrast, microcline particles in
H2SO4-H2O solution droplets have likely lost their entire IN efficiency. Upon continued adiabatic
cooling, these particles follow the yellow arrows, form supercooled water cloud drops (filled blue
circle), and eventually nucleate ice homogeneously (“hom”) about 3 K lower than in the
ammoniated case, namely around 236 K (aw = 1, Sice ≈ 1.42).
Parcel P2 – moist conditions. These intermediate conditions can take advantage of the ammoniainduced enhancement of the IN efficiency of microcline. The (NH4)2SO4-H2O-containing
microcline particles may nucleate ice heterogeneously at temperatures as high as 256 K (aw ≈
0.995, Sice ≈ 1.16). We refer to this scenario as condensation freezing, although it is strictly
speaking immersion freezing in a dilute solution droplet. However, given that nucleation occurs at
aw = RH ≈ 99.5%, in experimental settings, freezing would appear to occur concomitantly with
droplet activation, thus fulfilling the definition for condensation freezing (marked “cond” in
Figure 3.9). In contrast, microcline particles in H2SO4-H2O solution droplets presumably have
lost their nucleation efficacy irreversibly and continue to follow the yellow arrows upon further
cooling and form supercooled cloud drops. Ice nucleates again only homogeneously (at “hom” in
Figure 3.9). If the aerosols in P2 are not ammoniated but acidic, the low pH will largely
deactivate microcline, so that the solution droplets continue to follow the yellow arrows upon
further cooling, forming supercooled liquid clouds and finally ice through homogeneous
nucleation (at “hom” in Figure 3.9).
Parcel P3 – wet conditions. Though wetter than P2, even in the presence of microcline in
(NH4)2SO4-H2O droplets, ice nucleates only after the air parcel formed a supercooled liquid water
cloud, which eventually glaciates upon further cooling at the freezing onset temperature of
microcline in pure water (Thet ≈ 252 K, aw = 1, Sice ≈ 1.23). This leads to the formation of a mixed
phase cloud via immersion freezing (“imm” in Figure 3.9). However, when drier air is mixed into
the liquid cloud before the onset temperature for immersion freezing of microcline in pure water
is reached, e.g. caused by entrainment/detrainment processes across cloud edges, the droplets
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might move into the zone of enhanced microcline IN efficacy, thus triggering ice formation at
several degrees higher temperature. Figure 3.9 shows this “mixing nucleation” process by a green
double arrow (termed “mix”). Of course, it will be experimentally difficult to distinguish “mix”
from “imm” or “cond”. Finally, if the aerosols in P3 are not ammoniated but acidic, the low pH
will largely deactivate microcline, so that the solution droplets continue to follow the yellow
arrows upon further cooling, forming supercooled liquid clouds and finally ice through
homogeneous nucleation (at “hom” in Figure 3.9).
The “mixing nucleation” affecting P2 (“mix” in Figure 3.9) is a process that enables microcline
to trigger ice formation at Thet <~ 256 K, i.e. up to 4 K higher temperature than ice nucleation on
microcline in pure water at Thet <~ 252 K. Interestingly, nucleation is triggered by drying an air
parcel of a mixed-phase cloud temporarily and marginally to aw <~ 0.998. Indeed, an enhancement
of IN in evaporating clouds has been observed in field measurements and was referred to as
evaporation freezing (Hobbs and Rangno, 1985; Beard, 1992; Cotton and Field, 2002; Ansmann
et al., 2005; Baker and Lawson, 2006). Different causes of such evaporation freezing have been
put forward. On one hand, a drying would be expected to make IN less likely, because
evaporation of water decreases the water activity. On the other hand, it causes evaporative cooling
(Shaw and Lamb, 1999; Satoh et al., 2002) resulting in freezing, if temperatures fall below the
homogeneous nucleation temperature briefly before the droplet fully evaporates or solutes become
too concentrated. However, under atmospheric conditions the temperature difference between a
droplet and its surroundings is typically smaller than 1 K (Neiburger and Chien, 2013), rendering
this explanation implausible. Another process that has been invoked is the emergence of so-called
“evaporation ice nuclei” from a small fraction of ice particle residues (Kassander et al., 1957;
Beard, 1992). Furthermore, enhanced contact freezing due to thermophoretic capture of
submicron particles by evaporating droplets (Hobbs and Rangno, 1985; Beard, 1992) and contact
freezing inside-out have been put forward as explanations for evaporation nucleation (Durant and
Shaw, 2005; Shaw et al., 2005). “Mixing nucleation”, as described here, may be a plausible
alternative freezing process in case of ammoniated mineral dust particles.
The idealized trajectories P1 – P3 in Figure 3.9 exemplify that in a condensation-freezing or
mixing-nucleation scenario a higher freezing temperature may be achieved than for immersion
freezing. The case of microcline demonstrates that in addition to the mineralogy, the chemical
exposure history of the particles is a relevant determinant of the IN efficiency of airborne dust. A
coating by an aqueous ammonium sulfate solution can indeed enhance the IN efficiency of
microcline in the condensation mode, but only when sulfuric acid and ammonia are deposited
concomitantly. Such a scenario may arise when the dust originates from anthropogenically
influenced regions with agricultural activity, as may be the case for soil dust (as described in
Ginoux et al. (2012)). Indeed, IN measurements of air masses advected from the Sahara to the
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Canary Islands showed that ammonium sulfate, linked to anthropogenic emissions in upwind
distant anthropogenic sources, mixed with desert dust had a small positive effect on the
condensation mode INP per dust mass ratio but no effect on the deposition mode INP (Boose et
al., 2016a). If the microcline-containing aerosols acquire a sulfuric acid coating preceding the
neutralization by ammonia, the IN activity may be destroyed irreversibly. In the situation
described by Sullivan et al. (2007), the mineral dust-laden air masses were first influenced by a
volcanic eruption, likely with high H2SO4 concentrations, before they passed through polluted air
masses rich in ammonia. Here, the neutralization might have occurred too late to preserve the IN
active sites.

3.6 Conclusions and Outlook
Immersion freezing experiments with a DSC on microcline suspended in solutions containing
various inorganic solutes of different concentrations showed that the heterogeneous freezing onset
temperatures deviate from the previously established water-activity-based approach. An increase
in IN efficiency was observed in dilute solutions of NH3 (< 1 molal) and NH4+ -containing salts (<

0.16 molal) while a strong decrease was observed in aqueous microcline suspensions containing
solutes with cations other than NH+
4.

Neither the native surface K+ ions nor their exchange with externally added cations were found to
be the reason behind microcline being so highly IN efficient. The observed increase in IN
efficiency in dilute NH3 and NH+
4 -containing solutions seems to be related with chemically

adsorbed ammonia molecules on the particle surface. Hydrogen bonded NH3 molecules on the
microcline surface might provide a better orientation of water molecules into ice-like layers via
multiple protons available for hydrogen bonding.

Aging experiments over several days reveal solute-specific impacts on the IN efficiency of the
microcline surface. In acidic (pH <~ 1.2) or alkaline (pH >~ 11.7) conditions, the loss of IN activity
is irreversible. In contrast, the microcline surface is able to partially regain its IN efficiency when
the particles are resuspended in water after aging in concentrated solutions with near-neutral pH
(5.5 – 8.4).
The increased IN efficiency in dilute ammonia containing microcline droplets opens up a pathway
for condensation freezing occurring at a warmer temperature than immersion freezing. Ammoniarich conditions are expected in polluted or agricultural areas. Conversely, the IN efficiency of
microcline is permanently destroyed when microcline acquires a sulfuric acid coating while
passing through more pristine areas.
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3.7 Data availability
The data for freshly prepared microcline suspensions in water or aqueous solutions (Figure 3.3
and Figure 3.5), aging tests (Figure 3.7) and particle size distributions of suspensions obtained
from the laser diffraction particle size analyser (Figure 3.11) presented in this publication are
available at the following DOI: 10.3929/ethz-b-000229892.

3.8 Supplementary data
The supplementary data related to this chapter is available online at the following DOI:
10.3929/ethz-b-000262184.

3.9 Appendix A: Surface cation exchange
het

∆𝑎𝑎
Figure 3.6 shows ΔThet (difference in observed Thet and 𝑇𝑇het𝑤𝑤 (𝑎𝑎𝑤𝑤 )) as function of the ratio of

externally added cations (from the solute) to native potassium ions K+ available for exchange on

the microcline surface. The externally added solutes dissociate into cations and anions in
solution. The number of cations (Ncation) externally added from the solute is given as 𝑁𝑁𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑁𝑁𝐴𝐴 , where molescations is the moles of cations added to the solution and NA is the

Avogadro constant (6.023×1023 per mole).

Figure 3.10: Simplified parallelepiped version of a primitive unit cell of microcline (chemical
composition K4Al4Si12O32). Red spheres: Si atoms; blue spheres: Al atoms; cyan spheres: K
atoms; green lines: -O- links between 2 neighboring Si/Al atoms. Black curved arrows show
potential removal paths of K+ from different planes of the unit cell (namely, AB, BC and AC). We
assume that all K+ from half of the unit cell are available for exchange, hence only the K+
nearest to a plane can potentially move out from that particular plane.
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Figure 3.10 shows a simplified parallelepiped version of a primitive unit cell of microcline
(chemical composition K4Al4Si12O32). It also shows the two most stable cleavage planes (001) AB
and (010) AC. Surface K+ can be released from the surface planes when a crystal is submerged in
water. We assume that all K+ from half of the unit cell are available for exchange, hence only the
K+ nearest to a plane can potentially move out from that particular plane. Assuming a microcline
crystal with the morphology reflecting the unit cell, the fraction of surface area contributed by the
different planes is given by:
𝑓𝑓𝑖𝑖𝑖𝑖 =

𝑎𝑎𝑖𝑖𝑖𝑖

∑𝑖𝑖𝑖𝑖=𝐴𝐴,𝐵𝐵,𝐶𝐶 𝑎𝑎𝑖𝑖𝑖𝑖

𝑖𝑖 ≠ 𝑗𝑗

(3.2)

where aij is the surface area of the different planes. The surface density of K+ contributed by each
plane can be calculated as:
𝜎𝜎𝑖𝑖𝑖𝑖 =

𝑛𝑛𝑖𝑖𝑖𝑖
𝑎𝑎𝑖𝑖𝑖𝑖

𝑖𝑖 ≠ 𝑗𝑗

(3.3)

Where nij is the number of exchangeable K+ in the plane ij, with values of nAB = nBC = 2, nAC = 1.
Thus, the average surface density of exchangeable K+ for a microcline crytstal is:
𝐷𝐷 =

� 𝑓𝑓𝑖𝑖𝑖𝑖 𝜎𝜎𝑖𝑖𝑖𝑖

𝑖𝑖𝑖𝑖=𝐴𝐴,𝐵𝐵,𝐶𝐶

𝑖𝑖 ≠ 𝑗𝑗

(3.4)

The total number of K+ released per unit mass of our microcline sample is the product of its BET
surface area (1.91 m2 g-1) and the average surface density of K+ (D). We assume that each surface
cationic center is occupied by K+ before it is suspended. The number of native potassium ions in
Figure 3.6 is then the product of D and the mass of microcline added to the suspension. The error
∆𝑎𝑎het

bars in ΔThet are the maximum and minimum difference in observed Thet and 𝑇𝑇het𝑤𝑤 (𝑎𝑎𝑤𝑤 ). The
error bars in cation ratio stems from the maximum and minimum surface density (D)

corresponding to planes AC and BC, assuming that the whole surface is made up of single type of
plane.

3.10 Appendix B: Aggregation of microcline particles
Depending on the surface charge, mineral dust may aggregate and coagulate when suspended in
solution. Aggregation and coagulation may reduce the surface area available for IN and decrease
the heterogeneously frozen fraction (Emersic et al., 2015). The dissociation of silanol groups is
the primary factor governing the surface charge of feldspar resulting in a negative zeta potential in
pure water (Demir et al., 2003). The addition of solutes can influence the surface charge either by
changing the pH of the solution or by direct interaction with the surface.
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To check whether aggregation is responsible for the dependence of Fhet on the solutes present in
the suspensions, we determined the particle size distribution of microcline in pure water, 0.02
wt% NH4Cl, 2 wt% NH4Cl and 0.5 wt% KCl with the Beckman Coulter LS13 320 laser
diffraction particle size analyser (5 mW laser diode, wavelength 780 nm; coupled with
Polarization Intensity Differential Scattering (PIDS) assembly). Particle size distributions were
obtained for microcline freshly suspended and for the same samples after aging them for 2 hours
in suspension (typical emulsion freezing measurement time span with the DSC). The freshly
prepared suspensions were sonicated for 2 minutes before the size distribution measurement. Each
suspension was measured three times and averages are reported.
Figure 3.11 shows the particle size distributions for fresh and aged suspensions. The addition of
the solutes leads to a slight shift of the size distribution to larger sizes compared with the pure
water case. Pure water and 0.02 wt% NH4Cl suspensions show negligible agglomeration during
aging for 2 hours. Strong aggregation during aging for 2 hours was observed for 0.5 wt% KCl
which may be explained by the enhanced neutralization of the surface charge due to the common
ion.

Figure 3.11: Particle size distributions obtained from the laser diffraction particle size analyser
(Beckman Coulter LS13 320) for fresh (black squares connected with line) and aged suspensions
(red squares connected with line) of 2 wt% microcline in pure water, 0.5 wt% KCl, 0.02 wt%
NH4Cl and 2 wt% NH4Cl. Size distribution measurements of each suspension were done in
triplicates and each solid square shows the mean and one standard deviation as error bars. The
aging period was 2 hours (roughly typical emulsion freezing measurement time span with DSC).
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Based on these results, the decrease of Fhet in the presence of KCl can be partly explained by
aggregation, while the increase of Fhet in the presence of NH4Cl cannot be explained by a decrease
of agglomeration in the presence of the solute. We therefore conclude that the increase of Fhet in
the presence of ammonia containing solutes can be ascribed to the activation of sites due to the
interaction of ammonia with the microcline surface.
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Abstract
Differing ice nucleation (IN) efficiency of quartz, an important component of atmospheric mineral
dust, has been reported in previous studies. We investigated the influence of milling and the
presence of solutes on the IN efficiency of various silica (SiO2) particles (crystalline and
amorphous) by performing immersion freezing experiments, with special focus on quartz (a
crystalline form of silica). Freezing of emulsified droplets with particles suspended in pure water
as well as aqueous solutions of NH3, (NH4)2SO4, NH4HSO4, Na2SO4 and NaOH, with solute
concentrations corresponding to water activities 𝑎𝑎w = 0.9 – 1.0, were investigated by means of

differential scanning calorimetry (DSC) and analyzed in terms of the onset temperature of the
heterogeneous freezing signal Thet and the heterogeneously frozen water volume fraction Fhet. The
quartz particles, which all originated from milling coarse samples, show a strong heterogeneous
freezing peak with Thet = 247 – 251 K. This IN activity disappears almost completely after aging
for 7 months in pure water in a glass vial. During this time quartz slowly grew by incorporating
silicic acid leached from the glass vial. Conversely, the synthesized amorphous silica samples
show no discernable heterogeneous freezing signal unless they were milled. This implies that
defects provide IN activity to silica surfaces, whereas the IN activity of a natural quartz surface is
negligible, when it grew under near-equilibrium conditions. For suspensions containing milled
∆𝑎𝑎het

quartz and the solutes (NH4)2SO4, NH4HSO4 or Na2SO4, Thet approximately follows 𝑇𝑇het𝑤𝑤 (𝑎𝑎𝑤𝑤 ),
∆𝑎𝑎 het

het
-criterion, i.e. 𝑇𝑇het𝑤𝑤 (𝑎𝑎𝑤𝑤 ) =
the heterogeneous freezing onset temperatures that obey ∆𝑎𝑎𝑤𝑤

het
het
) with ∆𝑎𝑎𝑤𝑤
being a constant offset with respect to the ice melting point curve,
𝑇𝑇melt (𝑎𝑎𝑤𝑤 + ∆𝑎𝑎𝑤𝑤

similar to homogeneous IN. This water-activity-based description is expected to hold when the

mineral surface is not altered by the presence of the solutes. On the other hand, we observe a
slight enhancement in Fhet in the presence of these solutes, implying that the compliance with the
het
∆𝑎𝑎𝑤𝑤
-criterion does not necessarily imply constant Fhet. In contrast to the sulfates, dilute solutions
het

∆𝑎𝑎𝑤𝑤
-1
of NH3 (molality <
~ 0.5 mol kg ) reveal Thet up to 4 K below 𝑇𝑇het (𝑎𝑎𝑤𝑤 ), indicating a significant

impact of NH3 on the mineral surface. This lowering of Thet in quartz is opposite to the distinct

increase in Thet that we found in emulsion freezing experiments with aluminosilicates, namely
feldspars, kaolinite, gibbsite and micas suspended in dilute NH3 solutions. We ascribe this
decrease of IN activity to the increased dissolution of quartz under alkaline conditions. The
defects that constitute the active sites seem to be more susceptible to dissolution and therefore
disappear first on a dissolving surface.
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4.1 Introduction
The influence of cirrus and mixed-phase clouds on Earth’s radiative budget is well recognized, yet
not fully understood (Baker, 1997; DeMott et al., 2010; Storelvmo et al., 2011). Ice formation in
clouds may be initiated via homogeneous ice nucleation (IN) below 237 K, whereas it requires an
ice nucleating particle (INP) to occur heterogeneously at higher temperatures between 237 K and
273 K (Pruppacher and Klett, 1994; Vali et al., 2015a). Mineral dusts are a well-established class
of aerosol, consisting of various minerals, such as feldspars, clay minerals, micas, calcite and
quartz, which exhibit widely varying IN abilities (Murray et al., 2011; Atkinson et al., 2013;
Kaufmann et al., 2016). The atmospheric relevance of these different minerals as INPs depends on
both their abundance in airborne dusts and their IN activity, which in turn may depend on their
production process and atmospheric aging.
For a long time, clay minerals have been considered the dominating IN active species amongst
mineral dust particles. This is because of their well-documented IN ability together with their high
abundance in the fine particle fraction, which facilitates long-range and high-altitude transport
(Usher et al., 2003; Matsuki et al., 2005b; Murray et al., 2012; Pinti et al., 2012). However, they
are IN active only at temperatures too low to explain many observed instances of cloud glaciation
(Atkinson et al., 2013). More recently, feldspars, and more specifically potassium-containing
feldspars (K-feldspars) have been suggested as the determinant species for the IN activity of
airborne desert dusts (Atkinson et al., 2013). Yet, follow-up studies have shown that not all Kfeldspars exhibit the same high IN activity (Harrison et al., 2016; Kaufmann et al., 2016;
Peckhaus et al., 2016), and that microcline, the K-feldspar with the highest freezing temperatures,
constitutes only a minor fraction of collected desert dusts (Boose et al., 2016b; Kaufmann et al.,
2016).
Quartz, the dominant dust component collected near source regions, is a crystalline mineral
composed of silicon and oxygen atoms in a continuous framework of SiO4 tetrahedra, with each
oxygen atom being shared by two tetrahedra. Therefore, quartz has an overall chemical formula of
silicon dioxide (SiO2), also called silica (Götze and Möckel, 2014). Quartz is a potentially relevant
mineral dust for heterogeneous IN in the atmosphere (Field et al., 2006; Murray et al., 2012;
Boose et al., 2016b). Moreover, it is found in high proportions in atmospherically transported
Saharan dust samples (Avila et al., 1997; Caquineau et al., 1998; 2002; Alastuey et al., 2005;
Kandler et al., 2009). Boose et al. (2016b) found a correlation of IN activity with the quartz
concentration in dust samples, which they collected either after being airborne and transported or
directly at the surface from deserts worldwide, suggesting that quartz particles have the potential
to be relevant INPs for cloud glaciation in the atmosphere. Indeed, quartz particles showed IN
activity in laboratory studies, albeit with very different IN efficiencies (Pruppacher and Sänger,
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1955; Isono and Ikebe, 1960; Zimmermann et al., 2008; Atkinson et al., 2013; Zolles et al., 2015;
Kaufmann et al., 2016). Some early studies including Pruppacher and Sänger (1955) and Isono
and Ikebe (1960) found quartz to be IN active in their experiments. For supermicrcon quartz
particles immersed in pure water, Zimmermann et al. (2008) reported an activated fraction of 1 %
at 261 K (RHw > 100%). In droplet freezing experiments, Atkinson et al. (2013) and Zolles et al.
(2015) found 50 % of droplets frozen as high as 249 K and as low as 235 K, depending on sample
origin and pretreatment (e.g. milling). These examples show that albeit the simple chemical
composition, the quartz surface seems to show large variations with respect to its surface
properties resulting in highly variable IN activities.
Mineral surfaces may undergo changes due to interaction with atmospheric chemical species
while being transported over long distances (Prospero, 1999; Schepanski et al., 2009; Uno et al.,
2009). These changes can potentially alter their IN ability (Salam et al., 2007; 2008; Kulkarni et
al., 2012; Augustin-Bauditz et al., 2014). Several studies reported an indifferent behavior of
mineral surfaces to dissolved species so that immersion freezing in solutions can be simply
described as a freezing point depression due to the solute (Zuberi et al., 2002; Zobrist et al., 2008;
Rigg et al., 2013), with a constant offset in water activity (∆aw = const.), similar to the wateractivity-based description of homogeneous IN by Koop et al. (2000). This description was further
elaborated as activity-based immersion freezing model (ABIFM) by Knopf and Alpert (2013). In
contrast, other studies have shown that IN efficiencies in immersion mode deteriorated due to
irreversible surface destruction, e.g. in the presence of acids (Augustin-Bauditz et al., 2014; Wex
et al., 2014; Burkert-Kohn et al., 2017).
This is the second part of three companion papers on IN activity of silicates and aluminosilicates.
In Part 1 (Kumar et al. (2018a) we have shown that immersion freezing onset temperatures of
microcline in aqueous solutions strongly deviate from a constant ∆aw. The observed deviations
were both, to higher and lower IN temperatures, depending on solute type and concentration. This
finding is in accordance with Whale et al. (2018), who found an increase in IN activity for the Kfeldspars microcline and sanidine in dilute (NH4)2SO4 solutions, but a decrease in the presence of
dilute NaCl.
In this paper and Part 3 (Kumar et al., 2018c) of the companion papers, we relate IN activities of
mineral surfaces more closely with the mineral surface properties by investigating the differences
in IN activity of structurally similar minerals in pure water and aqueous solutions. In Part 3 we
investigate the differences in IN activities of aluminosilicates and whether the enhancement
observed for microcline in dilute NH3/NH4+ containing solutions (shown in Part 1) is a more

general property of aluminosilicates. In the current study, we present immersion freezing
experiments of silicas (crystalline quartz and amorphous silicas) in pure water and in solution
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droplets in order to investigate their IN activity and how it is influenced by the presence of NH3
and several inorganic salts, namely (NH4)2SO4, NH4HSO4, Na2SO4 and NaOH. To elucidate
which surface structures provide IN activity, we compare the IN activity of quartz with other
silica particles, assuming that IN does not occur on the whole particle surface with a uniform
probability but that the surface exhibits active sites, i.e. preferred locations for IN with areas of 10
– 50 nm2 based on estimates using classical nucleation theory (Vali, 2014; Vali et al., 2015a;
Kaufmann et al., 2017).
Quartz is one of the most abundant minerals in the Earth’s crust. Since quartz is of relevance to
different scientific fields such as material sciences, geochemistry and chemical engineering,
quartz surface properties and processes have been the subject of many scientific studies. The
dissolution and crystallization of quartz has gained great attention because it influences
geochemical processes, such as the formation of mineralized deposits or the silica concentration
in natural and industrial waters (Crundwell, 2017). Dry applications of quartz powders is of
concern because of the pathogenicity of the ground particles (Fubini et al., 1989). We make use of
the detailed characterization resulting from such studies to relate the IN activity of quartz to its
surface structure.

4.2 Methodology
4.2.1

Mineralogy, size distribution and BET surface area measurements

Mineralogy. Silica (three dimensional polymeric network of SiO2) can exist in many different
forms that can be crystalline as well as amorphous. Amorphous silica shows only short range
order and lacks a crystalline structure as shown via X-ray diffraction (XRD) measurements
(Poulsen et al., 1995). Quartz, most common form of crystalline silica, has a continuous regular
framework of tetrahedral SiO4 units with Si in the center and oxygen atoms at the tetrahedral
corners. Each oxygen atom is shared between two tetrahedra. It is a hard mineral (Mohs hardness
7) with no preferred cleavage plane (owing to the roughly equal bond strengths throughout the
crystal structure) and typically breaks with conchoidal fracture. Quartz is the last mineral to
crystallize from a magma i.e. it crystallizes at lower temperatures compared to other minerals, and
therefore, it grows to fill the spaces remaining between the other crystals in form of a common
impurity (Bowen, 1922, 1928).
Size distribution. Quartz from Sigma-Aldrich (~ 99 %) was the primary sample used in this study
(see Sect. 4.4.5 for a discussion of the 1 % of impurities). We will refer to this sample in the
following as SA quartz. As per manufacturer, SA quartz is a naturally occurring microcrystalline
silica which has been finely ground resulting in a particle size range of 0.5 – 10 μm (approx. 80%
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between 1 – 5 μm). In addition, we determined the number size distribution with a TSI 3080
scanning mobility particle sizer (SMPS) and a TSI 3321 aerodynamic particle sizer (APS). Two
lognormal distributions were fitted to the bimodal size distribution yielding mode diameters of
482 nm and 1.52 µm (see Supplementary Material). Scanning electron microscopy (SEM)
measurements were also performed on the quartz sample at the ScopeM facility at ETH Zurich.
The quartz samples were prepared by placing them on a graphite plate and coated with Pt/Pd alloy
by sputtering before taking the images (see Supplementary Material). SEM measurements mostly
concur to the size range provided by the manufacturer with the exception of the presence of very
few larger particles (> 10 µm in diameter), which are not measured by APS since they are not
well aerosolized owing to their higher mass. We also determined the mineralogical composition
of the SA quartz sample by means of XRD in order to assess the mineralogical purity of the
mineral. A quantitative analysis was performed with the AutoQuan program, a commercial
product of GE Inspection Technologies applying a Rietveld refinement (Rietveld, 1967, 1969).
Based on the X-ray diffractogram, the sample of SA quartz consists of 98.9 % (± 0.29 %) quartz,
mixed with kaolinite (0.32 % ± 0.2 %) and topaz (0.76 % ± 0.2 %). The amorphous content is
estimated as 4.5 ± 0.5 %. The Brunauer–Emmett–Teller (BET) nitrogen adsorption method was
used to determine the specific surface area of this quartz sample as 4.91 m2 g-1. In addition,
thermogravimetric analysis (TGA) was performed on the quartz sample to assess the presence of
volatile species. Only a mere 0.30 % loss in weight was observed in TGA up to 350 °C (see
Supplementary Material).
Additional milling. To assess the effect of further milling on the IN efficiency of the SA quartz
sample, we milled a portion of the sample with a tungsten carbide disc mill for 40 s (with 1 min
gap after the first 20 s of milling) before running emulsion freezing experiments.
Other samples. For comparison, we also used four other silica dusts besides SA quartz, namely:
(a) The quartz sample (BET value 3.67 m2 g-1) which showed little IN activity in Kaufmann
et al. (2016) (termed Kaufmann quartz) (see Section 4.7 for details and explanation for its
previously reported low IN activity). 0.17 % loss in weight was observed in TGA up to
350 °C (see Supplementary Material). The amorphous content is estimated as 6.4 ± 0.5 %.
(b) A crystalline quartz sample procured from the Technical University of Vienna (termed
TU Vienna quartz), which is “quartz I” of Zolles et al. (2015). 0.2 % loss in weight was
observed in TGA up to 350 °C (see Supplementary Material).
(c) Amorphous silica particles procured from Alfa Aesar (particle size: 0.4 – 0.6 µm
(characterization by manufacturer), BET: 5.72 m2 g-1). In order to assess the effect of
milling on the IN efficiency of amorphous silica, we milled a portion of this sample with
a tungsten carbide disc mill for 40 s (with 1 min gap after the first 20 s of milling).
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(d) Non-porous, amorphous silica particles procured from Zurich University of Applied
Sciences (named Stöber particles in this article, mean particle diameter: 0.34 ± 0.02 µm;
BET: 11 m2 g-1, see Supplementary Material for synthesis procedure).
(e) Please note that both Alfa Aesar and Stöber silica particles are synthetically grown (using
tetraethyl orthosilicate (TEOS) in alkaline conditions) samples used in this study and have
not been milled. Only when indicated we milled the Alfa Aesar silica particles on
purpose.

4.2.2

Emulsion freezing of quartz freshly suspended in pure water or solutions

Immersion freezing experiments were carried out with the differential scanning calorimeter (DSC)
setup (Q10 from TA Instruments). 5 wt% SA quartz suspensions in water (molecular biology
reagent water from Sigma Aldrich) were prepared in borosilicate glass vials with varying solute
concentrations (0 – 20 wt%) viz. (NH4)2SO4 (Sigma Aldrich, ≥ 99 %), NH4HSO4 (Sigma Aldrich,
≥ 99.5 %), Na2SO4 (Sigma Aldrich, ≥ 99 %), NaOH (Fluka Chemical, ≥ 99 %), NH3 solution
(Merck, 25 %). For comparison, 5 wt% TU Vienna quartz and a concentrated (8 – 9 wt%)
Kaufmann quartz sample in water, as well as 10 wt% Stöber silica and Alfa Aesar silica
suspensions in water containing NH3 and (NH4)2SO4 were also prepared for freezing experiments
(See Appendix A for freezing experiment details for the Kaufmann quartz sample).
To avoid particle aggregation, the suspensions prepared in pure water or solutions were sonicated
for 5 min before preparing the emulsions. The aqueous suspension and an oil/surfactant mixture
(95 wt% mineral oil (Sigma Aldrich) and 5 wt% lanolin (Fluka Chemical)) were mixed in a ratio
of 1:4 and emulsified with a rotor-stator homogenizer (Polytron PT 1300D with a PT-DA
1307/2EC dispersing aggregate) for 40 seconds at 7000 rpm. This procedure leads to droplet size
distributions peaking at about 2 – 3 µm in number and a broad distribution in volume with highest
values between 4 and 12 µm similar to the size distributions shown in Figs. 1 of Marcolli et al.
(2007), Pinti et al. (2012) and Kaufmann et al. (2016). We placed 4 – 8 mg of this emulsion in an
aluminum pan, which was hermetically closed and subjected to three freezing cycles in the DSC
following the method developed and described by Marcolli et al. (2007). The first and the third
freezing cycles were executed at a cooling rate of 10 K min-1 to control the stability of the
emulsion. The second freezing cycle was run at 1 K min-1 cooling rate and used for evaluation
(Zobrist et al., 2008; Pinti et al., 2012; Kaufmann et al., 2016; Kumar et al., 2018a).
The DSC registers the heat release when emulsion droplets freeze. When emulsions are prepared
from an aqueous suspension of INPs, the larger droplets are expected to freeze heterogeneously
because they contain many particles while the smaller ones rather freeze homogeneously because
they contain only few or no particles. Typical DSC thermograms therefore contain a freezing peak
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below about 237 K due to homogeneous IN, while freezing above this temperature is due to
heterogeneous IN. The onset temperatures of the heterogeneous freezing peak (Thet) and the
homogeneous freezing peak (Thom) were determined as the intersection of the tangent drawn at the
point of greatest slope at the leading edge of the peak with the extrapolated baseline, whereas the
melting temperature (Tmelt) was determined as the maximum of the ice melting peak (see Fig. 1 of
Kumar et al. (2018a)). The heat release is approximately proportional to the volume of water that
froze heterogeneously or homogeneously and is represented by the integral of the peak over time.
Note that this proportionality is only approximate because the enthalpy of freezing exhibits a
temperature dependence (Speedy, 1987; Johari et al., 1994). We quantified the heterogeneously
frozen fraction, Fhet, as the ratio of the heterogeneous freezing signal to the total freezing signal of
the thermogram in the time domain (see Kumar et al. (2018a) for details). The evaluation of Fhet
does not include the spikes that occur before the appearance of the heterogeneous freezing signal.
These spikes originate from single droplets in the tail of the droplet size distribution (mostly
between 100 – 300 µm with some up to 500 µm in diameter) being orders of magnitude larger in
volume than the average droplets and not representative for the sample. Freezing experiments
were performed on emulsions prepared from at least two separate quartz suspensions for each
solute concentration and means are reported. Average precisions in Thet are ± 0.2 K with
maximum deviations not exceeding 0.9 K (i.e. uncertainties slightly higher than in Kumar et al.
(2018)). Thom and Tmelt are precise within ± 0.1 K. Absolute uncertainties in Fhet, are on average ±
0.02 and do not exceed ± 0.12. However, Fhet carries larger uncertainties (up to ± 0.19) when
heterogeneous freezing signals are weak or overlap (forming a shoulder) with the homogeneous
freezing signal (as was the case for e.g. amorphous silica in various solutions and quartz aged in
NaOH solution).

4.2.3

Aging and reversibility of IN efficiency of quartz suspended in water or solutions

SA quartz (5 wt%) suspended in pure water, NH3 solution (0.005 molal; pH 7.9; aw ≈ 0.999),
(NH4)2SO4 solution (10 wt%; pH 5.5; aw ≈ 0.963), NH4HSO4 solution (2 wt%; pH 1.1; aw ≈
0.988), Na2SO4 solution (5 wt%; pH 6.8; aw ≈ 0.986) or NaOH solution (5x10-3 molal; pH 9.5; aw
≈ 1 and 5x10-6 molal; pH 7.1; aw ≈ 1) were aged in borosilicate glass vials and tested over a period
of five days. Immersion freezing experiments were carried out with the DSC setup with emulsions
prepared from at least 2 separate aging experiments for each solute concentration. Measurements
were done on the day of preparation (fresh) and on the subsequent five days in order to assess the
evolution and long-term effect of these solutes on the IN efficiency of quartz. Aging experiments
conducted in pure water, NH3 solution (0.005 molal) and NaOH solution (5x10-3 molal) were
repeated in polypropylene falcon tubes to assess the influence of leached contaminants from the
borosilicate glass vials on the IN activity of quartz.
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After aging for five days the suspensions were centrifuged for 2 minutes at 600 rpm, the
supernatant solution was removed and the settled particles were washed with pure water. This
process was repeated five times and the washed particles were resuspended in pure water and the
IN efficiency of emulsions prepared from these suspensions were tested with the DSC setup.
In order to assess the leaching of contaminants from quartz and the vial walls, suspensions of
quartz were prepared in pure water in both borosilicate glass vials and polypropylene falcon tubes
and aged for 72 hours. The freshly prepared and aged suspensions were centrifuged to remove the
particles. The supernatant liquid in each case was collected and tested for the concentration of
leached elements via inductively coupled plasma mass spectroscopy (ICP-MS). The results of
ICP-MS measurements are summarized in Supplementary Material (Sect. S10).

4.3 Results
4.3.1

Ice nucleation activity of quartz and amorphous silica in pure water

Figure 4.1: DSC thermograms of various quartz and amorphous silica particles suspended in
pure water. St: Stöber silica (10 wt %); AA: Alfa Aesar silica (10 wt %); AA milled: milled Alfa
Aesar silica (10 wt %); KQ: quartz sample from Kaufmann et al. (2016) (8 – 9 wt %); TUQ: TU
Vienna quartz (5 wt %); SAQ: Sigma-Aldrich quartz (5 wt %); SAQ milled: milled Sigma-Aldrich
quartz (5 wt %). All curves are normalized such that the total areas under the heterogeneous and
homogeneous freezing curves sum up to the same value.
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Figure 4.1 shows the DSC thermograms of suspensions of quartz and amorphous silica particles
in pure water prepared as emulsion droplets. Fhet and Thet are listed in Table 4.1. As can be easily
seen, there are large differences in IN activities between the samples, from barely to highly IN
active.
4.3.1.1

Quartz

All investigated quartz samples clearly show IN activity in our emulsion freezing experiments.
TU Vienna quartz is slightly more IN active (with respect to both, Thet and Fhet) than SA and
Kaufmann quartz at similar suspension concentrations. Thet of TU Vienna quartz (250.9 K) is
slightly lower than the freezing onset reported by Zolles et al. (2015) (~ 252 K). We ascribe this
difference to the higher quartz surface area present in the Zolles et al. (2015) droplet freezing
setup compared to our emulsion freezing experiments. In accordance with Zolles et al. (2015), we
observe an enhancement in IN efficiency of quartz due to milling (Table 4.1).
Table 4.1: Comparison of IN efficiency (in pure water) of various quartz and amorphous silica
particles based on emulsion freezing experiments
Sample Name

Suspension
Concentration
(wt %)

Thom (K)

Thet (K)

Fhet

Stöber

10

237.0#

237.2*

0.05

Alfa Aesar

10

237.0#

237.1*

0.03

Alfa Aesar (Milled)

10

236.8

246.8/239.7@

0.42

Quartz (Kaufmann et al.,
2016)

8-9

236.5

250.2/241.8@

0.70

TU Vienna

5

236.6

250.9

0.87

Sigma-Aldrich

5

236.5

247.6

0.82

Sigma-Aldrich

1

236.7

246.9

0.68

Sigma-Aldrich (Milled)

5

236.4

249.0

0.92

Sigma-Aldrich (Milled)

1

236.5

247.4

0.79

#
Mean Thom of pure water emulsions is reported here since the onset of the homogeneous
freezing signal cannot be separated from the presumed heterogeneous freezing signal; *Onsets
of heterogeneous and homogeneous freezing signals are nearly indistinguishable. The
observed onset lies within the precision range of Thom (237.0 K, taken as the point dividing
heterogeneous and homogeneous freezing signal to evaluate Fhet); @Onsets of the two
shoulders exhibited by these samples (see Fig. 1). Fhet is based on the whole heterogeneous
freezing signal

The quartz sample from Kaufmann et al. (2016) is clearly IN active exhibiting a distinct
heterogeneous freezing signal with Thet ≈ 242 K and a shoulder extending to higher temperature
with Thet ≈ 250 K. Kaufmann et al. (2016) reported a heterogeneous freezing onset temperatures of
~ 247 K for the same sample, yet, with a very weak heterogeneous freezing signal corresponding
to an IN active particle fraction of only 0.01. We explain in Section 4.7 that this was due to an
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underestimation of the coarse particle fraction because of the presence of very large particles (>
20 µm), which were not accounted for in the particle size distribution determined by SMPS/APS
leading to a bias resulting in a too low estimate of the IN active fraction of quartz particles.
4.3.1.2

Amorphous silica particles

DSC thermograms of both amorphous silica samples (Figure 4.1) show only one clear freezing
signal with onsets of 237.2 K and 237.1 K for Stöber and Alfa Aesar silica, respectively, listed
under Thet in Table 4.1. This freezing temperature is slightly higher but still within the uncertainty
range of Thom of pure water emulsions (i.e. 237 K). Note that Thom of the quartz silica samples is
slightly lower than Thom of the pure water emulsions because only the smallest droplet fraction of
the emulsified quartz suspensions freezes homogeneously while the largest droplets in the
emulsion give rise to the onset of the freezing peak in pure water emulsions. The calculation of
the heterogeneously frozen fraction assuming that the heat signal at T > 237.0 K is due to
heterogeneous freezing leads to Fhet below the uncertainty limits (see Table 4.1). Since both
samples consist of submicron particles which should be well distributed between emulsion
droplets (droplet size needed to incorporate on average one silica particle is ~ 1.1 μm in diameter),
a prevalence of empty droplets cannot be the reason of the absence of detectable IN activity.
Therefore, based on our emulsion freezing experiments we consider the amorphous silica particles
as inactive or barely IN inactive in water.
When the Alfa Aesar sample is milled, a clearly visible heterogeneous freezing signal develops
consisting of two shoulders on the warmer end of the homogeneous freezing peak with onsets of
246.8 K and 239.7 K, again demonstrating the fundamental importance of the milling process.
4.3.2

Dependence of the heterogeneous freezing temperatures on the presence of solutes

For freezing experiments in the presence of solutes we concentrate on the SA quartz. The mean
heterogeneous freezing onset (Thet), homogeneous freezing onset (Thom) and ice melting
temperatures (Tmelt) for 5 wt % SA quartz suspensions in water and aqueous solution droplets are
shown in Figure 4.2a as a function of the solution water activity (aw). The aw is obtained from the
evaluation of the melting point depression measured during the heating cycle using the Koop et al.
(2000) parameterization. Hence all melting temperatures lie exactly on the melting curve, except
in case of Na2SO4 where above the eutectic concentration of 4.6 wt% a hydrate of Na2SO4
crystallizes together with ice and aw had to be calculated based on the solute concentration using
the AIOMFAC thermodynamic model at 298 K (Zuend et al., 2008; 2011). The measured Thom
follows a similar aw dependency as Tmelt and has been parameterized by Koop et al. (2000). We
hom (𝑇𝑇)
construct this line by a constant shift of the melting curve by ∆𝑎𝑎w
= 0.30 (dotted black line)

derived using the averaged Thom of all experiments of this study (which is in good agreement with
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hom (𝑇𝑇)
het
∆𝑎𝑎w
= 0.305 reported by Koop et al. (2000)). Similarly, we apply a constant offset ∆𝑎𝑎w
=

0.221 to shift the ice melting curve to the heterogeneous freezing temperature of pure water,
het

∆𝑎𝑎
yielding the solid black line, which for simplicity will be referred to as 𝑇𝑇het𝑤𝑤 (𝑎𝑎𝑤𝑤 ) from here

onwards (see Kumar et al. (2018a) for more details).

Figure 4.2: (a) Onset freezing temperatures of emulsion freezing experiments performed with 5
wt % SA quartz suspended in aqueous solutions of inorganic solutes (for symbols and colors see
insert). Heterogeneous freezing onset temperatures, Thet (filled solid symbols connected by thin
lines), homogeneous freezing onset temperatures, Thom (open symbols at T < 237 K), and ice
melting temperatures, Tmelt (open symbols at T > 262 K) are given as functions of the solution’s
water activity, aw. Dash-dotted black line: ice melting curve. Dotted black line: homogeneous ice
freezing curve for supercooled aqueous solutions obtained by horizontally shifting the ice melting
ℎ𝑜𝑜𝑜𝑜
curve by a constant offset ∆𝑎𝑎𝑤𝑤
(T) = 0.30. Solid black line: horizontally shifted from the ice
ℎ𝑒𝑒𝑒𝑒
melting curve by ∆𝑎𝑎𝑤𝑤 (T) = 0.221 derived from the heterogeneous freezing temperature of the
suspension of quartz in pure water (filled black square at aw = 1). Symbols are the mean of at
least two emulsion freezing experiments (using at least two separate suspensions). Two symbols
carry error bars to show representative experimental variations (min-to-max) in Thet and aw. (b)
Heterogeneously frozen fraction Fhet as a function of the solution’s water activity (aw). Five
symbols carry error bars showing representative experimental variations (min-to-max) in Fhet and
aw. Absolute uncertainties in Fhet do not exceed ± 0.12.

hom (𝑇𝑇)
based on the thermodynamic homogeneous IN
Analogous to the parameterization for ∆𝑎𝑎w
het

∆𝑎𝑎
description of Koop et al. (2000), 𝑇𝑇het𝑤𝑤 (𝑎𝑎𝑤𝑤 ) assumes that the water activity dependence of Thet is

determined by solute-driven changes in the structure of the water alone, while interactions of the

solute with the INP surface are excluded. From Kumar et al. (2018a; 2018c) we know that the
het
assumption of ∆𝑎𝑎w
fails when there are specific interactions between the solute and the mineral

surface. As can be seen from Fig 2a the measured heterogeneous freezing onset temperatures, Thet,
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het

∆𝑎𝑎
follow 𝑇𝑇het𝑤𝑤 (𝑎𝑎𝑤𝑤 ) within measurement uncertainties for quartz suspensions in (NH4)2SO4,

NH4HSO4 and Na2SO4, but fall below this line in the presence of the bases NH3 and NaOH. In
het

∆𝑎𝑎
these alkaline solutions, Thet for quartz emulsions strongly falls below 𝑇𝑇het𝑤𝑤 (𝑎𝑎𝑤𝑤 ) at dilute solute
het

∆𝑎𝑎
concentrations (aw ≥ 0.99) and stay almost parallel to 𝑇𝑇het𝑤𝑤 (𝑎𝑎𝑤𝑤 ) to higher solute concentrations.

This decrease in Thet is less pronounced in the presence of NH3 than for suspensions in NaOH.

4.3.3

Dependence of the heterogeneously frozen fraction on the presence of solutes

While the addition of neutral or acidic solutes does not influence the freezing temperature beyond
het

∆𝑎𝑎
a freezing point depression described by 𝑇𝑇het𝑤𝑤 (𝑎𝑎𝑤𝑤 ), it affects the heterogeneously frozen

fraction. Figure 4.3 shows the DSC thermograms for emulsion freezing of 5 wt % SA quartz
suspended in increasingly concentrated (NH4)2SO4 solutions.

Figure 4.3: DSC thermograms of 5 wt % SA quartz particles suspended in ammonium sulfate
(AS) solution droplets of increasing concentrations (0 - 20 wt % AS). All curves are normalized
such that the areas under the heterogeneous and homogeneous freezing curves sum up to the
same value. The dotted brown line connects the heterogeneous freezing onset temperatures (Thet)
of the emulsions. With increasing AS concentration Thet decreases monotonically while the
intensity of the heterogeneous freezing signal increases initially in dilute AS solution and remains
high up to high solute concentrations.
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The dotted brown line connecting the onsets of the heterogeneous freezing signals depicts the
continuous decrease in Thet as the (NH4)2SO4 concentration increases. An increase in the area
under the heterogeneous freezing signal relative to the homogeneous one is clearly discernible
with increasing solute concentration. Fhet increases up to aw = 0.998 (0.5 wt %) and stays around
this increased value when the solute concentration is further increased.

Figure 4.4: DSC thermograms of 10 wt % Alfa Aesar (panel a) and 10 wt % Stöber (panel b)
silica particles suspended in pure water, ammonia (NH3; 0.05 and 0.5 molal) and ammonium
sulfate (AS; 0.05 and 1 wt %) solution droplets of varying concentrations (corresponding to aw
range of 1 – 0.987). All curves are normalized such that the areas under the heterogeneous and
homogeneous freezing curves sum up to the same value. DSC thermograms of both amorphous
silica samples show only one clear freezing signal which is indistinguishable from the
homogeneous freezing signal. Thom of the corresponding emulsion freezing experiments with the
pure solutions (in the absence of the silica particles) has been taken as the dividing temperature
of heterogeneous and homogeneous freezing to evaluate Fhet (Table 4.2; see Section 4.3.1.2).
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Figure 4.2b shows the evaluation of the freezing signals in terms of the heterogeneously frozen
fraction Fhet, as a function of aw for all investigated solutes. For solutions containing the salts
(NH4)2SO4, NH4HSO4, and Na2SO4, Fhet shows a constant increase compared with the pure water
case, albeit hardly exceeding the maximum uncertainty limit. Despite the decrease in Thet, there
seems to be a slight increase in Fhet for quartz suspended in aqueous solutions with higher NH3 (aw
≥ 0.98) concentrations. On the other hand, even very low concentrations of NaOH (aw ≤ 0.99)
strongly decrease Fhet. The heterogeneously frozen fraction slightly recovers at higher
concentrations of NaOH (aw = 0.99 – 0.96) yet remains significantly below the pure water case.
Furthermore, in Part 3 (Kumar et al., 2018c) we show that micas (muscovite and biotite) and
gibbsite, which reveal no IN activity in pure water emulsion freezing experiments, develop a
heterogeneous freezing signal in the presence of NH3 and (NH4)2SO4. We therefore tested the
amorphous silica samples for a similar effect. DSC thermograms of both amorphous silica
samples when suspended in NH3 (0.05 molal and 0.5 molal) and (NH4)2SO4 (0.05 wt % and 1 wt
%) solutions corresponding to an aw range of 1 – 0.987 (Figure 4.4) show only one clear freezing
signal.
Table 4.2: Summary of the freezing experiments with emulsified aqueous solution droplets
containing Alfa Aesar and Stöber amorphous silica particles (10 wt %). Note that the absolute
uncertainty in Fhet may be up to ± 0.12.
Sample/Suspension
concentration

Solute

Solute
Concentration
(m*/wt%)

aw

Thom (K)#

Thet (K)

Fhet

NH3

0.5m

0.987

236.3

236.5

0.01

NH3

0.05m

0.996

236.6

237.1

0.04

Alfa Aesar

(NH4)2SO4

1wt%

0.988

236.2

236.5

0.03

(10 wt %)

(NH4)2SO4

0.05wt%

0.996

236.9

237.3

0.02

Pure
Water

-

1

237.0

237.1

0.03

NH3

0.5m

0.997

236.3

236.2

0.01

NH3

0.05m

0.999

236.6

236.7

0.02

Stöber

(NH4)2SO4

1wt%

0.988

236.2

236.3

0.02

(10 wt %)

(NH4)2SO4

0.05wt%

0.994

236.9

236.9

0.02

Pure
Water

-

1

237.0

237.2

0.05

(wt %)

*m = molality; #Mean Thom of pure water/solution emulsions (taken as the point dividing
heterogeneous and homogeneous freezing signal to evaluate Fhet) is reported here since the
onset of the homogeneous freezing signal cannot be separated from the presumed
heterogeneous freezing signal
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We report the onset of this freezing peak as Thet in Table 4.2, while under Thom we list the onset
freezing temperature of the reference solutions (prepared with the solute only). Neither the Alfa
Aesar nor the Stöber silica particles (10 wt% suspensions) show a significant increase in the
freezing onset compared with the reference measurements. We evaluate the heterogeneously
frozen fraction by attributing the freezing signal at temperatures above the reported Thom of the
reference measurement to heterogeneous freezing, yielding Fhet within the uncertainty range (see
Table 4.2). We therefore conclude that NH3 and (NH4)2SO4 do not lead to a discernable
enhancement of the IN activity of amorphous silica.

4.3.4

Aging and recovery experiments of quartz in water and aqueous solutions

In order to assess the long-term effect of solutes on the IN efficiency of quartz, aging experiments
were performed over a period of 5 days with 5 wt % SA quartz suspensions in pure water
(prepared in borosilicate glass vials and polypropylene falcon tubes) and various inorganic
solutes. Every day, aliquots were removed from the suspension and tested in emulsion freezing
experiments. Thet and Fhet from these experiments are given in the upper and lower panels of
Figure 4.5 and Figure 4.6, respectively. Figure 4.5 shows the results of experiments performed
in glass vials while Figure 4.6 compares Thet and Fhet of experiments performed in glass vials and
polypropylene tubes. After aging, the quartz suspensions were decanted, washed and resuspended
in pure water in order to assess the reversibility of any surface modification occurring during the
aging period. Figure 4.5 and Figure 4.6 also show the change in Thet and Fhet when aged quartz is
resuspended in pure water. Note that Thet and Fhet in the experiments with fresh dusts can be lower
than in the reversibility tests, because the former were performed in solutions and the latter in
pure water.
Aging of quartz suspensions in pure water in glass vials decreases the IN activity in terms of both,
Thet and Fhet. Strong decreases in IN efficiency occur during aging in the presence of Na2SO4,
NaOH and NH3. On the other hand, Thet and Fhet remain constant when quartz is suspended in 2
wt% NH4HSO4 solution. Repetition of the aging experiments reveals considerable variability in
the decrease of IN efficiency over time, as indicated by the large min-to-max bars after 2 – 5 days.
The reversibility tests show complete or almost complete recovery of IN efficiency after washing
in the case of aging in pure water and in solutions containing Na2SO4, NaOH (except at high pH
9.5) and (NH4)2SO4. Interestingly, instead of recovering, the IN efficiency after aging in a dilute
NH3 solution decreases even further when the particles were washed and resuspended in pure
water.
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Figure 4.5: Development of Thet (panel a) and Fhet (panel b) for 5 wt % SA quartz suspended in
water, (NH4)2SO4 solution (10 wt %), NH4HSO4 solution (2 wt %), Na2SO4 solution (5 wt %) and
NaOH solution (5 x 10-6 molal) over a period of five days. All suspensions were prepared and
aged in borosilicate glass vials. After five days aging the reversibility was tested: the aged
suspensions were centrifuged, the supernatant decanted, the aged particles washed several times
with pure water, resuspended in pure water, and subjected to an emulsion freezing experiment.
Data points in aging and reversibility tests are means from emulsion freezing experiments done
on at least two separately aged suspensions in each solute case. The error bars show
representative experimental variations (min-to-max).
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Figure 4.6: Same as Figure 4.5, except that it shows a comparison of IN efficiency of SA quartz
(5 wt %) suspended in water/aqueous solutions (NH3 0.005 molal with pH 7.9 and NaOH 5 x 10-3
molal with pH 9.5) prepared in borosilicate glass vials (open symbols) and polypropylene falcon
tubes (solid symbols). After five days aging the reversibility was tested as explained in Figure 4.5.
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Figure 4.7: DSC thermograms of SA quartz (5 wt %) suspended in pure water in borosilicate
glass vials and measured right after preparation (marked as “Fresh”). The same suspension was
aged for 7 months and re-measured (marked as “Aged”). The aged suspension was centrifuged,
the supernatant decanted, the aged particles washed several times with pure water, resuspended
in pure water and measured again to examine the recovery of IN efficiency after aging (marked as
“Recovery”). This procedure was done with 3 different suspensions and their mean Thet and Fhet
are reported next to each curve. All curves are normalized such that the areas under the
heterogeneous and homogeneous freezing curves sum up to the same value.

To elucidate whether leached material from the surface of the glass vial had any impact on the
decrease of IN activity during aging of quartz in glass vials, experiments exhibiting a strong
decrease in IN efficiency were repeated in polypropylene falcon tubes. Indeed, in contrast to
aging in glass vials, quartz aged in pure water in polypropylene tubes exhibited a stable Thet and a
slight enhancement in Fhet (yet within the uncertainty range) (Figure 4.6). When quartz is
suspended in a dilute NH3 (pH 7.9) solution in polypropylene tubes, similar trends were observed
as in glass vials, with constant Thet after an initial decrease, followed by a further decrease after
washing with pure water. Interestingly, quartz freshly suspended in NaOH (pH 9.5) in
polypropylene tubes shows a stronger initial decrease in IN efficiency (Thet and Fhet) but stays
higher from the second day onwards than in the corresponding experiments performed in a glass
vial until the end of the experiment.
Another set of SA quartz suspensions (5 wt %) was prepared in pure water in glass vials and aged
for 7 months to investigate the aging effect over very long time scales. Figure 4.7 shows that the
aged particles almost completely lost their IN efficiency and barely any of it was recovered after
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the aged particles were washed and resuspended in pure water. In Section 4.4.4, we relate the
results of the aging and reversibility experiments to surface processes occurring in the different
solutions.

4.4 Discussion
4.4.1

IN efficiency of quartz and amorphous silica particles in pure water

As shown in Figure 4.1 and Table 4.1, the IN activity of quartz is superior to the one of
amorphous silica particles. In contrast to results reported in Kaufmann et al. (2016), all quartz
samples investigated in this study including Kaufmann quartz proved to be highly IN active.
Reanalysis of the quartz sample used in Kaufmann et al. (2016) revealed a large contribution of
coarse particles to the sample mass resulting in a prevalence of empty emulsion droplets even at
high suspension concentrations, contributing to the homogeneous freezing signal (see Section 4.7
for a detailed discussion).
The freezing onset temperatures in pure water for the investigated quartz samples range from 247
K to 251 K (see Table 4.1), covering a similar temperature range as the quartz samples
investigated by Atkinson et al. (2013) and Zolles et al. (2015). On the other hand, the IN activity
of the silica particles (Stöber and Alfa Aesar) is negligible. Hardly any IN activity of amorphous
silica particles is in agreement with Zobrist et al. (2008) who observed freezing at around 255 K
in bulk freezing experiments with 3 µl droplets containing 109 – 1010 particles (total mean
particle surface area 0.25 – 2.5 cm2). This freezing temperature is close to the one of pure water
droplets of this size (252 – 253 K). Whale et al. (2018) found freezing onsets of silica particles
from Sigma-Aldrich (silica gel) above 262 K, however, for freezing experiments with larger
surface areas of silica present in a droplet (~ 10 cm2).
Zolles et al. (2015) investigated the density of IN active sites of three quartz samples and found a
very high variability from hardly IN active to an activity similar to that of microcline. Their quartz
sample from Sigma-Aldrich corresponding to the TU Vienna quartz sample in this study was the
most IN active and a natural quartz sample the least IN active. Moreover, the IN activity of the
natural quartz sample increased considerably upon milling. Our comparison of emulsion freezing
experiments with SA quartz additionally milled and original SA quartz (used as obtained from the
manufacturer) corroborate an increased IN efficiency in terms of Thet and Fhet for the additionally
milled sample as shown in Figure 4.1 and Table 4.1. Moreover, milling of the amorphous silica
sample from Alfa Aesar also had a very positive effect on its IN activity.
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4.4.2

Heterogeneous ice nucleation of quartz in aqueous solutions
het

∆𝑎𝑎
The water-activity-based description predicts heterogeneous IN temperatures (𝑇𝑇het𝑤𝑤 (𝑎𝑎𝑤𝑤 )) as a

function of aw by shifting the ice melting curve by a constant offset in aw. It is expected to be valid
in the absence of specific interactions between the solute and the ice-nucleating surface so that the
only effect of the solute is a freezing point depression. Such a description has been suggested by

several studies in the recent past (Zuberi et al., 2002; Archuleta et al., 2005; Cantrell and
Robinson, 2006; Zobrist et al., 2006; Zobrist et al., 2008; Alpert et al., 2011b; Alpert et al., 2011a;
Knopf and Forrester, 2011; Rigg et al., 2013).
In Part I of this series, we showed that heterogeneous freezing onsets of microcline showed strong
deviations from the water-activity-based description to higher freezing temperatures from
predicted values when suspended in dilute NH3/NH4+ containing solutions and substantial

decrease in IN efficiency in more concentrated solutions of inorganic salts including NH+
4

containing salts and NH3 (Kumar et al., 2018a). In Kumar et al. (2018c) we extended this
investigation to other aluminosilicates and found that an increase of Thet in the presence of NH+
4

containing solutes is a general feature of feldspars, clay minerals and micas, while the decrease in
IN efficiency at higher solute concentration is a more specific characteristic of K-feldspars and
most pronounced for microcline. Conversely, SA quartz follows quite well the water-activitybased prediction of Thet in case of pH neutral suspensions. Fhet shows an initial increase in very
dilute solutions of (NH4)2SO4, NH4HSO4 and Na2SO4, which is preserved to higher concentrations
(Figure 4.2b). Whale et al. (2018) compared the IN activity of quartz in dilute NaCl and
(NH4)2SO4 with the one in pure water and observed no change of the freezing onset temperatures
in the presence of the solutes, but an increase in the density of IN active sites towards lower
temperatures in a dilute (NH4)2SO4 solution and a decrease in a dilute NaCl solution.
Opposite to the effect of NH3 on aluminosilicates, there is a decrease of Thet for SA quartz in NH3
solutions. In the past, several infrared spectroscopy studies have investigated the adsorption of
NH3 molecules on various types of mineral oxides (Mapes and Eischens, 1954; Eischens and
Pliskin, 1958; Peri and Hannan, 1960). The quartz surface provides several centers for interaction
with NH3 molecules viz. (i) hydrogen-bonding via one of its hydrogen atoms with a surface
oxygen atom of a silanol groups; (ii) hydrogen-bonding via its nitrogen atom with the hydrogen of
a surface hydroxyl group; (iii) coordination to an electron-deficient Si (Lewis acid site) (Folman,
1961; Cant and Little, 1965; Blomfield and Little, 1973; Tsyganenko et al., 1975; Morrow and
Cody, 1976; Morrow et al., 1976; Fubini et al., 1992; Li and Nelson, 1996; Wright and Walsh,
2012). In addition to reversible coordination to silanols via hydrogen bonding, NH3 may interact
irreversibly with strained siloxane bridges by disrupting them into Si–NH2 and Si–OH groups
(Folman, 1961; Peri, 1966), although, water displays more affinity than NH3 for this reaction
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(Blomfield and Little, 1973; Morrow and Cody, 1976; Fubini et al., 1992). Figure 4.2 shows that
the sum of these interactions seems to affect the IN activity of the quartz surface by decreasing
Thet but slightly increasing Fhet at higher NH3 concentrations. Using sum frequency generation
spectroscopy, Wei et al. (2002) have found an enhancement of the hydrogen bonded OH peak in
the presence of ammonia. They proposed that NH3 molecules may form strong hydrogen bonds
with the silanol groups on the silica surface with the nitrogen atoms facing silica, resulting in an
excessive number of protons (NH bonds) pointing into ice. However these interactions of NH3
with the quartz surface do not seem to lead to an enhanced IN activity compared with the pure
water case.
Wright and Walsh (2012) found no strong and stable hydrogen bonding of NH4+ to hydroxylated

quartz in their first principles molecular dynamics simulations. The slight decrease in Thet in the
presence of (NH4)2SO4 together with the slight increase in Fhet indicate that the presence of
ammonium in the solution influences the IN activity, although only slightly.

The decrease of IN activity in NaOH containing suspensions as shown in Figure 4.2 can be
ascribed to the detrimental effect of alkaline conditions (pH between 7.1 and 13.6) on the stability
of the quartz surface (House and Orr, 1992; Crundwell, 2017) and will be discussed in the next
section.

4.4.3

Aging effect and reversibility of surface modifications

The aging experiments performed with quartz suspended in different solutions point to surface
processes that influence the IN activity of quartz over time. The IN activity was maintained over
the whole aging period (5 days) in case of NH4HSO4 (2 wt%, pH 1.1). In contrast, in pure water,
(NH4)2SO4 (10 wt%, pH 5.5), Na2SO4 (5 wt%, pH 6.8) and very dilute NaOH (5×10-6 molal; pH
7.1), the IN activity decreased over time but was completely or almost completely restored after
washing in water (Figure 4.5). In more alkaline solutions, namely NH3 (0.005 molal, pH 7.9) and
more concentrated NaOH (5x10-3 molal, pH 9.5), IN activity was permanently lost (Figure 4.6).
IN activity was almost completely destroyed when quartz was aged for 7 months in pure water in
glass vials (Figure 4.7). In contrast, IN efficiency in pure water was barely affected during aging
in polypropylene tubes over 5 days. A decrease of IN activity due to aging for 72 hours in water
was also observed for Kaufmann quartz (Figure 4.9) and TU Vienna quartz (Figure 4.10). In the
following, we relate the results of the aging and reversibility experiments to surface processes
occurring in the different solutions.
4.4.3.1

Dissolution and growth of quartz in pure water

Several studies have discussed the effect of solution pH on dissolution rates of quartz (Henderson
et al., 1970; Kline and Fogler, 1981; Schwartzentruber et al., 1987; Bennett et al., 1988; Knauss
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and Wolery, 1988). The dissolution rate of quartz at 25° C is 10-13 – 10-12 moles Si m-2 s-1 at low to
neutral pH (0.5 – 7) and increases roughly linearly with increasing pH, reaching a value of 10-10
moles Si m-2 s-1 at pH 12 (House and Orr, 1992; Crundwell, 2017). The dissolution of quartz is
considered to occur on deprotonated silanols, i.e. Si–O– (Brady and Walther, 1989, 1990).
Deprotonation of the silanol weakens the remaining siloxane bridges, facilitating the attack by
water molecules and ultimately releasing the Si in the form of silicic acid (H4SiO4). Moreover,
dissolution of quartz increases with increasing ionic strength of the solution, i.e. increasing salt
concentration (Brady and Walther, 1990). At low pH, different dissolution mechanisms may be
involved, such as H2O hydrolysis of Si centers or adsorption of H+ onto siloxane bridging oxygen
(Xiao and Lasaga, 1994; Criscenti et al., 2006; Bickmore et al., 2008), however with a low
efficiency.
The SA quartz as provided by the manufacturer contains a minor share of amorphous material
(4.5 ± 0.5 %), produced most likely by grinding (Fubini et al., 1989). Because of the higher
dissolution rate of amorphous silica compared to quartz, silicic acid should be released at a higher
rate from the amorphous material (Crundwell, 2017). Since also the solubility of amorphous silica
is higher (~50 ppm Si at 25 ºC) than the one of quartz (1 – 3 ppm Si at 25 ºC) (Walther and
Helgeson, 1977), quartz should grow at the expense of amorphous silica over time when kept
together in a closed vessel. After aging for 72 h in water (in a glass vessel), the amorphous
fraction of the SA quartz sample indeed showed a slight decrease, however still within
experimental error (4.0 ± 0.5 % for the aged sample compared with 4.2 ± 0.5 % for the sample
shortly (15 min) exposed to water). This is in agreement with the fact that the conversion of
amorphous silica to quartz is a slow process.
ICP-MS measurements (see Tables S1 and S2; Supplementary Material) performed with the
supernatant of a 0.5 wt% SA quartz suspension which was aged in pure water for 72 hours in a
borosilicate glass vial shows a concentration of 11.9 ppm Si, which is well above the solubility of
quartz in pure water and well below that of amorphous silica. The Si concentration after aging a
0.7 wt% SA quartz suspension for 72 h in polypropylene falcon tubes reaches only 4.9 ppm,
indicating that a considerable fraction of the dissolved Si stems from the glass vial in the aged
sample. Indeed, the glass vial continuously leaches Si to the water (Bunker, 1994). The ICP-MS
measurement of pure water, which was in contact with the glass vial for less than an hour, was
shows a concentration of only 0.2 ppm Si but reached 4.5 ppm Si after 72 h. This slower increase
Si concentration compared to the immediate increase in case of the quartz samples (1.3 – 6 ppm
after less than an hour in water) is simply due to the much smaller surface area of the glass vial
(~2 orders of magnitude) exposed to water compared with the one of the SA quartz sample. In
addition, also the release of Si from the quartz sample is expected to stem mostly from its
amorphous shares. Subsequently, silicic acid in water may form dimers, trimers and cyclic species
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due to autopolycondensation that sets in when the silicic acid concentration approaches the
solubility limit (Perry, 1989, 2003; Belton et al., 2012). These oligomerization reactions are
reversible (Tamahrajah and Brehm, 2016). We assume that at high Si concentration, silicic acid
and its oligomers adsorb on the quartz surface, covering large parts of the crystalline surface or at
least a relevant fraction of the IN active sites, thus hampering the IN activity of the quartz samples
aged in glass vials. Indeed, monolayer adsorption of silicic acid on quartz has been observed
under conditions supersaturated with respect to crystalline quartz (Berger et al., 1994). Since
leaching of Si from the glass vials is slow owing to the comparatively small exposed surface area,
the freshly prepared suspensions of SA quartz in glass vials are not affected by an adsorbed layer,
which is in accordance with our experiments (see Figure 4.5 and Figure 4.6). The Si
concentration in the polypropylene tubes remains too low to give rise to an adsorbed layer on the
quartz surface even during aging and the IN activity is not hampered.
With time, the Si supersaturation with respect to quartz should lead to crystalline quartz growth.
We assume that covalent bonds form between the adsorbed siliceous layer and the quartz surface
leading to a grown, intact quartz surface with little defects. Since the emulsion freezing
experiments of the SA quartz sample aged for 7 months in a glass vial show hardly any IN
activity even after washing with pure water (see Figure 4.7), we conclude that slowly grown
quartz surfaces are indeed not amorphous, but have a regular crystalline structure. These are
barely IN active and only milling provides the quartz surface with IN active sites.
4.4.3.2

Dissolution and growth of quartz in solutions

Similar to the experiments in pure water, quartz suspended in glass vials at near-neutral
conditions (i.e. (NH4)2SO4 10 wt%, Na2SO4 5 wt% and NaOH 5x10-6 molal) shows a decrease in
IN efficiency, which is restored when the sample is washed and resuspended in pure water. This
suggests the formation and washing off of a siliceous layer similar as in the pure water case.
Under alkaline conditions both, quartz dissolution and growth rates are increased. Indeed,
centimeter-sized synthetic quartz crystals are grown from amorphous silica on seed crystals at
high temperatures and pressures in highly alkaline conditions (Baughman, 1991). Such rigorous
conditions are applied to accelerate the crystal growth. In the 5 × 10-3 molal NaOH solution (pH
9.5), the solubility of amorphous silica and quartz are higher than at near-neutral conditions and
dissolution and growth of quartz are enhanced. We therefore ascribe the strong and immediate
loss of IN activity of SA quartz suspended in 5 × 10-3 molal NaOH solution in polypropylene
tubes to the dissolution of quartz, which levels off when the equilibrium condition is approached.
Therefore, during the following days of aging, there is no further decrease in IN activity, rather,
Thet and Fhet show a slight increase (however, within the uncertainty limits). After washing with
water, Fhet recovers to the initial value in 5 × 10-3 molal NaOH but remains clearly below the
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value measured in pure water. When the experiment is carried out in glass vials (in 5x10-3 molal
NaOH), the initial loss of IN activity is less pronounced, probably because the additional leaching
of Si from the glass vial leads to a quick increase of the Si concentration above the saturation
level with respect to quartz. As a consequence, the quartz sample is in growth conditions for most
of the aging time and we ascribe the irreversible loss of IN activity to growth of intact quartz
layers which is faster than at neutral conditions because of the higher Si solubility under alkaline
conditions.
Interestingly, during aging in NH3, the main decrease of Thet is observed after one day while Fhet is
preserved during the five days of aging but is reduced when NH3 is removed from the suspension.
This implies that the presence of NH3 can temporarily stabilize the surface followed by a strong
decrease when it is removed.

4.4.4
4.4.4.1

Which factors determine the IN activity of quartz?
Crystallinity and substrate-ice lattice match

Crystallinity and lattice match between substrate and ice are often considered to provide IN
activity to the substrate. While ice and silica exhibit structural similarities in form of tetrahedral
building units, the most common hexagonal (Ih) and cubic (Ic) ice phases show structural
analogies to the crystalline silica tridymite and cristobalite, respectively, but not to quartz
(Tribello et al., 2010). Indeed, when the quartz surface is not produced by milling but by crystal
growth, quartz is similarly inactive as amorphous silica. Conversely, when hardly active
amorphous silica particles are milled, they become IN active. This suggests that the regular quartz
surface is not able to template ice growth and that the crystallinity of quartz is not a prerequisite
for its IN activity.
4.4.4.2

Milling and radical site formation

Micrometer and nanometer sized quartz particles are usually obtained by milling. Due to the
covalent nature of the quartz crystal lattice, considerable force needs to be exerted to obtain small
particles by milling. The shear and compression applied to quartz leads to a disturbed amorphous
zone of 10 – 30 nm thickness with dangling Si–O• and Si• radical sites that can be detected by
electron paramagnetic resonance (EPR) (Fubini et al., 1987; Fubini et al., 1989; Makoto and
Motoji, 1996). When quartz is ground in the atmosphere, the resulting Si–O• and Si• radical sites
react with atmospheric species (Fubini et al., 1987). Reactions with O2 lead to the formation of
Si–O–O•, Si–O–O–Si or Si–O–O–O–Si, which react in the presence of water (vapor) to Si–OH
and Si–O–OH. In addition, hydroxylation of strained Si–O–Si groups (Fubini et al., 1987) results
in silanol groups (≡Si–OH) rendering the surface highly hydroxylated. Depending on their
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arrangement on the silica surface, silanols are isolated ((Si–O)3Si–OH), germinal (=Si(OH)2) or
vicinal (=Si(OH)–O–Si(OH)=). The relatively non-polar siloxane bridges (≡Si–O–Si≡) may be
strained and easily hydrolyzed to silanols or regular and hardly reactive (Morrow and Cody, 1976;
Morrow et al., 1976; Brinker et al., 1986; Zhdanov et al., 1987; Brinker et al., 1988; Bolis et al.,
1991; Fubini et al., 1992).
The IN activity observed for milled Alfa Aesar silica suggests that shear and compression applied
to amorphous silica leads to similar radical sites as in the case of quartz, providing amorphous
silica with IN activity. XRD of Kaufmann quartz and SA quartz support the presence of
amorphous shares of about 6.4 and 4.5 wt % in the samples, respectively. A part of this
amorphous material may agglomerate as separate particles or in specific regions of the quartz
surface. In the supplementary material, we show a collection of representative SEM images of SA
and Kaufmann quartz that show agglomerates on top of the quartz surface, which might be
amorphous. Nevertheless, an amorphous surface layer on top of the quartz particles cannot be
excluded. Because of the strong correlation of milling and IN activity of silica surfaces, we
propose that the surface functionalization of silica particles arising from breaking covalent Si–O
bonds during milling gives rise to the IN activity of these materials.
Interestingly, the conjecture that surface functionalization resulting from the cleavage of covalent
Si–O bonds rather than the ordered crystalline structure determines the surface properties of silica
is confirmed by findings from a completely different research field. Ground quartz particles may
induce silicosis, lung cancer and autoimmune diseases (Donaldson and Borm, 1998; Fubini,
1998). This pathogenicity is totally absent in chemically prepared amorphous silica or synthesized
(grown) quartz particles. Since exposure to ground amorphous (vitreous) silica also leads to
adverse health effects (Turci et al., 2016), the pathogenicity is considered to arise rather from the
mechanical cleavage of the covalent Si–O bonds than from the crystallinity (Fubini et al., 1987;
Fubini et al., 1989; Turci et al., 2016).
4.4.4.3

Surface OH groups

While siloxanes and silanols dominate the surfaces of amorphous silica and quartz, the relative
surface densities of these groups show large variation. Fully hydroxylated quartz surfaces may
carry up to 9.5 OH nm-2 on the (001) surface and still 5.8 OH nm-2 on the (011) and (101) surfaces
(Musso et al., 2009). On the other hand, fully hydroxylated amorphous silica surfaces carry
typically only 4.6 – 4.9 OH nm-2. Highly hydroxylated surfaces are dominated by vicinal and
geminal silanols, with little isolated silanol and siloxane groups (Zhuravlev, 2000; Muster et al.,
2001). Due to their more ordered structure, silanols on quartz surfaces tend to form networks of
chains of hydrogen bonds, whereas amorphous silica surfaces rather exhibit patches of hydrogen
bonded silanols, even if their average silanol densities are the same (Musso et al., 2011).
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When quartz and silica samples are heated, surface hydroxylation decreases due to the
replacement of silanols by siloxanes. The more severe the heating conditions (temperature,
vacuum, duration), the more dehydroxylized the surface becomes. Heating (calcination) to 670 K
in vacuum removes all vicinal silanols of amorphous silica while isolated silanols are still present
but become continuously scarcer by further heating (Zhuravlev, 2000). Quartz, on the other hand,
is less easily dehydroxylated (Bolis et al., 1985). Dehydroxylated surfaces slowly rehydroxylate
when they are exposed to humidity or in contact with liquid water. The Stöber particles shown in
Figure 4.1 have been heated to 823 K, which strongly decreased the number of vicinal silanols
and subsequently hydrolyzed so that vicinal silanols should be restored to a full hydroxylation
level of amorphous silica (i.e. 4.6 – 4.9 OH nm-2).
Density functional theory based molecular dynamics (DFTMD) simulations by Sulpizi et al.
(2012) showed that two main types of silanol groups occur at the surface of quartz, i) out-of-plane
silanol groups forming short and strong hydrogen bonds with water molecules associated with a
pKa value of 5.6; ii) in-plane silanol groups forming weak hydrogen bonds with the interfacial
water molecules with a pKa value of 8.5. The former are referred to as “ice-like” water due to
similarities in structure to water molecules in bulk ice and the latter as “liquid-like” water
(Richmond, 2002). Musso et al. (2012) showed in an ab initio molecular dynamics study that the
silanol surface of quartz (100) induces an ice-like structure of water in the proximity of the
surface, which is more pronounced when the silanol density at the surface is higher. While water
molecules spontaneously form hydrogen bonds to isolated silanols, hydrogen bonding to vicinal
silanols involves breaking the surface hydrogen bond network between them. This is an activated
process with an activation energy that increases with increasing length of the interconnected
silanol chains (Musso et al., 2011). Water was only able to disrupt the weak internal hydrogen
bonds between surface silanols with H⋅⋅⋅⋅O > 2 Å but not the stronger ones with H⋅⋅⋅⋅O < 2 Å
(Musso et al., 2012). Milling decreases the long-range order of silanols and generates hydrophilic
and hydrophobic patches (Turci et al., 2016). The generated defects may disrupt the chain of
interconnected silanols and free them to participate in hydrogen bonding with water molecules.
This could explain the enhanced IN activity of freshly milled quartz as well as freshly milled
amorphous silica.
Recently, it had been suggested that the OH density and the substrate-water interaction strength
are useful descriptors of a material’s IN ability (Pedevilla et al. 2017). The example of quartz
shows that OH density alone is indeed insufficient as a predictor for IN ability when strong
hydrogen bonding amongst surface OH groups prevail over substrate-water interactions.
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4.4.4.4

Protonation/deprotonation of surface OH groups and surface charge

Depending on the solution pH, the silanol groups protonate or deprotonate, thus changing the
surface charge. The quartz surface is at the point of zero charge (PZC) around pH 2 and becomes
more negative with increasing pH (Vidyadhar and Hanumantha Rao, 2007; Turci et al., 2016). At
PZC, Si–OH groups prevail, and the number of Si–OH2+ equals the number of Si–O– groups. The
ordering of water at the quartz surface was shown to be pH dependent. At pH 1.5 when the
surface is slightly positively charged and at pH 12.3, when the surface is negatively charged,
water molecules are ordered but the orientation is reversed from low to high pH. At intermediate
pH, there is more disorder (Du et al., 1994; Richmond, 2002). Zeta potential measurements show
that the milled quartz surface is slightly less negatively charged than grown quartz surfaces at
neutral conditions. However, milling increases the heterogeneity of the silanols and creates more
acidic sites as indicated by a shallower increase of surface charge with decreasing pH (Turci et al.,
2016).
Besides surface functionalization, surface charge is a factor that has been shown to influence IN
activity (Marcolli et al., 2016; Abdelmonem et al., 2017; Kumar et al., 2018c). Abdelmonem et al.
(2017) found that the freezing temperature of water at the α-Al2O3 (0001) surface is highest when
the surface is close to the PZC and the water molecules at the surface are least ordered. In
contrast, Kumar et al. (2018c) shows that hydroxylated surfaces which had PZCs at low pH such
as feldspars showed higher IN activity in pure water than surfaces with PZC shifted to neutral or
alkaline conditions. These contradictory results indicate that surface charge is not a reliable
predictor of IN activity.
4.4.4.5

Impurities on mineral surfaces

Often IN activity of mineral surfaces has been related to the presence of impurities introducing
special sites on the mineral surface (O’Sullivan et al., 2014; Zolles et al., 2015). Milling can
accumulate impurities from within the crystal lattice (DeMott et al., 2003a; Boose et al., 2016a)
on the surface because regions rich in impurities provide preferred cleavage planes (Whale et al.,
2017). If such impurities are surface active and remain adsorbed on quartz when the particles are
immersed in water, they can either block active sites and decrease the IN activity or generate new
active sites. Grinding of quartz leads to high energy surface sites that may attract semivolatile
impurities to reduce the surface energy. Indeed, organic semivolatile material has been considered
to provide IN activity to mineral surfaces (O’Sullivan et al., 2014; Tobo et al., 2014).
We therefore determined the presence of semivolatile material on the Kaufmann and SA quartz
samples by performing TGA. Since only a mere 0.17 % and 0.30 % loss in weight was observed
in TGA up to 350 °C (Supplementary Material) in Kaufmann and SA quartz samples,
respectively, the influence of semivolatile material on the IN efficiency is unlikely. To investigate
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the possibility that nonvolatile but water-soluble impurities provide IN activity to the quartz
surface, we performed ICP-MS tests on the supernatant liquid of quartz suspensions (0.7 wt %)
freshly prepared in water in polypropylene falcon tubes. Si had a contribution of more than 80 %
of the leached elements in both quartz cases (see Table S2 in Supplementary Material for details).
The most abundant impurities were Na, Al, K, Ca, Ba, Fe and Co with a combined contribution of
only 12 % and 18 % to the total leached elements for SA and Kaufmann quartz, respectively.
Depletion of these elements from the quartz surface cannot explain the loss of IN activity during
aging because the IN activity can be restored by washing the quartz particles with pure water. We
therefore regard the abundance of Si-OH groups and their arrangement on the quartz surface
relevant for IN activity in emulsion freezing experiments rather than the presence of foreign
components. However, we do not exclude that IN activity observed at higher temperatures in bulk
freezing experiments might be due to impurities (O’Sullivan et al., 2014). Indeed, the notion that
different types of sites are relevant at higher than at lower freezing temperatures is corroborated
by Kaufmann et al. (2016) who showed in their Fig. 6 that only a weak correlation exists between
freezing temperatures of bulk and emulsion freezing experiments of different mineral dusts.
From the above discussion, we conclude that milling is a requirement for quartz to be IN active
and that IN occurs on specific active sites introduced by milling which are more reactive than the
grown quartz surface. Despite the high degree of hydroxylation, the regular quartz surface does
not give rise to IN activity, likely because most silanols are tightly interconnected by hydrogen
bonds in a network that is too strong to be disrupted by water molecules.

4.5 Atmospheric implications
Arid and semiarid regions are the main sources of mineral dust (e.g. Saharan and Gobi Deserts)
(Laurent et al., 2006; Laurent et al., 2008) which can have atmospheric lifetimes of several days
(Huneeus et al., 2011). The dust, while being transported, can interact with a variety of trace gases
(Usher et al., 2003; Kolb et al., 2010), which can lead to changes in the surface physicochemical
properties. Not only ground-collected/near-source but also transported dusts have been reported to
be rich in quartz (Avila et al., 1997; Alastuey et al., 2005; Field et al., 2006; Boose et al., 2016b;
Kaufmann et al., 2016). Quartz can be found in high proportions in atmospherically transported
Saharan dust samples (Avila et al., 1997; Caquineau et al., 1998; Caquineau et al., 2002; Alastuey
et al., 2005; Kandler et al., 2009). However, barely any information is available about the
alteration of the IN efficiency of quartz due to cloud processing and atmospheric chemical
species.
This work and Zolles et al. (2015) have shown a large variability in the IN activity of quartz
particles. Milled quartz samples showed high IN activity, while quartz layers grown over 7
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months were almost IN inactive. This is in agreement with the low IN activity of a natural quartz
sample investigated by Zolles et al. (2015) with freezing onset < 238 K. The question therefore
arises whether naturally eroded quartz particles from atmospherically relevant dust source regions
would have significant IN activity.
Kaufmann et al. (2016) performed emulsion freezing experiments with natural dust samples
ground-collected in different deserts worldwide and correlated the IN activity with the
mineralogical composition. A sample collected in Oman showed low IN activity despite its
considerable quartz content. Conversely, heterogeneous freezing on quartz surfaces may indeed
account for the freezing signal observed for higher suspension concentrations of desert dust
samples collected in Israel. For the Antarctica sample with 24 % quartz content, Kaufmann et al.
(2016) performed emulsion freezing experiments using the sieved fraction and after the sieved
fraction was milled. Indeed, the heterogeneously frozen fraction increased due to milling.
Boose et al. (2016b) found a positive correlation between the quartz content and the freezing
between 238 K and 245 K of dust particles sampled from deserts worldwide. However, this
positive correlation strongly relies on two milled samples with the highest quartz content (~64 %
and ~93 % in samples from Australia and Morocco) which exhibit the highest IN activity. In
addition, two more samples were sieved and milled as well. In case of the Atacama sample, with
quartz content of ~17 % after sieving and 10 % after milling, milling increased the IN activity. In
case of the Israel sample with quartz contents of ~7 % after sieving and ~6 % after milling, the IN
activity was decreased after milling. This shows that the IN activity of collected mineral dusts
depends in a complex way on the pre-processing of the samples. More samples need to be
collected from desert regions and tested for IN activity without prior milling to assess the
correlation between IN activity and quartz content.

4.6 Conclusions and outlook
The analysis of emulsion freezing experiments of quartz and amorphous silica particles allowed to
attribute the IN activity of quartz surfaces to specific surface properties:
a) Surface hydroxylation seems to be a necessary but not sufficient condition for the IN
activity of quartz and amorphous silica. Silanols may form hydrogen bonds with water
molecules that are able to direct them into an ice-like arrangement. However, as it seems,
most of the silanols on synthesized amorphous silica and grown quartz surfaces are
engaged in hydrogen bonds amongst each other with an insufficient number of OHgroups left for hydrogen bonding to water molecules.
b) Milling leads to the cleavage of Si–O–Si bridges resulting in Si–O• and Si• radical sites
that react in the presence of water vapor to finally form Si–OH and Si–O–OH on the
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surface., Defects seem to disrupt the interconnected chains of silanols on the surfaces of
milled silica particles, thus increasing the number of silanols that are available for
hydrogen bonding to water molecules. These defects indeed seem to be a prerequisite for
the IN activity of amorphous silica and quartz.
c) Usually, amorphous silica particles are synthesized and quartz particles are milled,
therefore the crystalline surface of quartz could be expected to template ice. Our emulsion
freezing experiments with milled amorphous silica and grown quartz surfaces show that
crystallinity is not relevant for the IN activity of silica. Rather a highly defective surface
is required.
d) Both, barely IN active grown quartz and highly IN active milled quartz particles carry a
negative surface charge at neutral pH conditions. This indicates that surface charge alone
is unreliable as a predictor for IN activity.
e) The onset freezing temperatures of quartz suspensions freshly prepared in neutral and
acidic salt solutions containing (NH4)2SO4, NH4HSO4, Na2SO4 follow approximately the
prediction of the water-activity-based description, while the heterogeneously frozen
fraction increases slightly in the presence of these salts.
f) The IN activity of quartz is decreased in alkaline solutions. The interaction with NH3
deteriorates the IN activity of the quartz surfaces. This is in contrast to the increased IN
activity of gibbsite and aluminosilicates i.e. feldspars, mica and kaolinite in the presence
of NH3. We ascribe this decrease of IN activity to the increased dissolution of quartz
under alkaline conditions. The defects that constitute the active sites seem to be more
susceptible and therefore disappear first on a dissolving surface.
g) Suspending quartz particles over days in aqueous solutions at near neutral pH conditions
in a glass vial decreases the IN activity considerably. This decrease is reversible and the
original IN activity in terms of Fhet is almost restored when the quartz particles are
washed and resuspended in pure water. We assume that a part of the silicic acid leached
from the glass vial forms an oligomerized silicic acid layer on top of the quartz surface
and blocks the active sites. This layer dissolves when the particles are rinsed in pure
water. The formation of this layer might be the first step to quartz growth.
The sensitivity of the IN activity of quartz surfaces to environmental conditions makes it
difficult to come to general conclusions regarding the relevance of quartz particles for cloud
glaciation. Dry erosion may fracture quartz particles and introduce active sites while wet
erosion may destroy active sites. To assess the IN activity of airborne quartz particles, a
correlation between the quartz content and the IN activity must be established for samples that
did not undergo milling before they were tested for freezing.
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4.7 Appendix A: Ice nucleation efficiency of quartz from Kaufmann et al.
(2016)
A recent study from our group, Kaufmann et al. (2016), reported a very low IN efficiency of a
quartz sample suspended in pure water using the same experimental equipment and procedure as
in the present study. In emulsion freezing experiments, a heterogeneous freezing signal was
observed up to ~ 247 K, yet with a very low IN active particle fraction (0.01). The quartz sample
used in Kaufmann et al. (2016) was procured as a stone from the Institute of Geochemistry and
Petrology of ETH Zurich and milled to a fine powder in a tungsten carbide ball mill.
Approximately 0.4 wt % of tungsten carbide was introduced as an impurity in the quartz sample
due to milling.

100 µm

100 µm

(a)

(b)

Figure 4.8: SEM images of two different quartz samples at 500X magnification. (a) Quartz
sample from Kaufmann et al., (2016); (b) Quartz sample (from Sigma Aldrich) used in this study.

To explain the low IN efficiency of the Kaufmann quartz compared with SA quartz, we further
characterized these two samples. Scanning electron microscopy (SEM) revealed the presence of
giant particles (diameter > 20 µm) in the milled quartz sample from Kaufmann et al. (2016) as
shown in Figure 4.8, which were absent in SA quartz. SA quartz is dominated by particles
ranging from 0.5 to 10 μm as specified by Sigma-Aldrich. As a hard mineral, quartz is difficult to
mill down to very fine particles without partial amorphization. The amorphous fraction of the
Kaufmann quartz was estimated as 6.4 ± 0.5 % based on the background signal observed in the
XRD diffractogram compared to 4.5 ± 0.5 % for the SA quartz.
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Figure 4.9: DSC thermograms of Kaufmann quartz taken from the supernatant of a suspension of
the same quartz sample as used in Kaufmann et al. (2016) that had settled for 1 hour. Settling
resulted in particle sizes with diameter ≤ 3 µm and a suspension concentration of 8 – 9 wt % in
the supernatant. In order to assess the effect of aging, emulsion freezing experiments were
performed on the supernatant right after extraction as well as after 2 h, 24 h and 72 h after
extraction and the corresponding Thet and Fhet is reported next to each curve. All curves are
normalized such that the areas under the heterogeneous and homogeneous freezing curves sum
up to the same value. The (*) represents the onset temperatures of the two shoulders of the
heterogeneous freezing signal and the corresponding Fhet is calculated based on the complete
freezing signal.

The size distribution measurements performed with SMPS/APS in Kaufmann et al. (2016) did not
capture the coarse particle fraction due to inefficient aerosolization of large particles in the
fluidized bed. Even when aerosolized, coarse particles can sediment in the tubing and connections
during transport to the SMPS/APS. When calculating the fraction of droplets filled with particles,
the number of particles per sample mass was highly overestimated because the coarse particles
did not appear in the size distribution determined by SMPS/APS. Therefore, in Kaufmann et al.
(2016), the homogeneous freezing signal observed in the emulsion freezing experiments was
wrongly assigned to droplets filled with IN inactive quartz particles although it was mostly due to
empty droplets. To remove the coarse particles present in the Kaufmann quartz, we suspended a
concentrated suspension of this sample for an hour in pure water so that particles with average
diameters ≥ 3 µm should settle. After this time period, the supernatant was collected and
immediately used for an emulsion freezing experiment in order to avoid any further aging of the
particles. The concentration of the supernatant was determined as ~ 8 – 9 wt % by evaporating the
water and weighing the dried residual.
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In addition, emulsion freezing experiments were carried out on the same supernatant suspension
aged for 2 hours, 24 hours and 72 hours. The DSC thermograms of these measurements are shown
in Figure 4.9. The heterogeneous freezing onset temperature of the fresh supernatant was 250.2 K
which is even higher than the Thet of SA quartz while the heterogeneously frozen fraction is
almost the same for these two quartz samples. This confirms that the low IN efficiency of quartz
reported in Kaufmann et al. (2016) was biased by the presence of giant quartz particles not
captured in the SMPS/APS measurements.

4.8 Appendix B: Aging tests on TU Vienna quartz suspended in pure water

Figure 4.10: DSC thermograms of 5 wt % TU Vienna quartz suspension in pure water, obtained
via emulsion freezing experiments performed on the day of suspension preparation (fresh) and the
subsequent three days and the corresponding Thet and Fhet is reported next to each curve.
Suspensions were prepared in borosilicate glass vials. All curves are normalized such that the
areas under the heterogeneous and homogeneous freezing curves sum up to the same value.

Suspensions of TU Vienna quartz (5 wt %) in pure water were prepared in glass vials and tested
over a period of three days. Immersion freezing experiments were carried out with the DSC setup
with emulsions prepared from at least 2 separate suspensions. Measurements were done on the
day of preparation (fresh) and on the subsequent three days in order to assess the long-term effect
of aging on the IN efficiency of the quartz sample. Figure 4.10 shows the DSC thermograms
from freezing experiments during this aging period. Like SA and Kaufmann quartz, TU Vienna
quartz also loses its IN efficiency drastically over the measured time period. This shows that the
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decrease in IN efficiency, during aging in conditions with supersaturated Si concentration, is a
common feature of all quartz samples.

4.9 Data availability
The data for freshly prepared quartz suspensions in water or aqueous solutions (Figure 4.2) and
aging tests (Figure 4.5 and Figure 4.6) presented in this publication are available at the following
DOI: 10.3929/ethz-b-000286931.

4.10 Supplementary data
The supplementary data related to this chapter is available online at the following DOI:
10.3929/ethz-b-000262184.
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Abstract
Aluminosilicates (such as feldspars, clay minerals and micas) and quartz (a crystalline form of
silica), constitute the majority of airborne mineral dust. Despite similarities in structures and
surfaces they differ greatly in terms of their ice nucleation (IN) efficiency. Here, we show that
determining factors for their IN activity include surface ion exchange, NH3 or NH4+ adsorption, as

well as surface degradation due to the slow dissolution of the minerals. We performed immersion

freezing experiments with the (Na-Ca)-feldspar andesine, the K-feldspar sanidine, the clay
mineral kaolinite, the micas muscovite and biotite, and gibbsite (Al(OH)3, a mineral form of
aluminum hydroxide) and compare their IN efficiencies with those of the previously characterized
K-feldspar microcline and quartz. Samples were suspended in pure water as well as in aqueous
solutions of NH3, (NH4)2SO4, NH4Cl and Na2SO4, with solute concentrations corresponding to
water activities aw = 0.88 – 1.0. Using differential scanning calorimetry (DSC) on emulsified
micron-size droplets, we derived onset temperatures of heterogeneous (Thet) and homogeneous
(Thom) freezing as well as heterogeneously frozen water volume fractions (Fhet). Suspensions in
pure water of andesine, sanidine and kaolinite yield Thet = 242.8 K, 241.2 K and 240.3 K,
respectively, while no discernable heterogeneous freezing signal is present in case of the micas or
gibbsite (i.e. Thet ≈ Thom ≈ 237.0 K). The presence of NH3 and/or NH+
4 -salts as solutes has distinct

effects on the IN efficiency of most of the investigated minerals. When feldspars and kaolinite are
suspended in very dilute solutions of NH3 or NH+
4 -salts (< 0.1 molal, corresponding to aw >
~ 0.99),

Thet shifts to higher temperatures (by 2.6 – 7.0 K compared to the pure water suspension). Even

micas and gibbsite develop weak heterogeneous freezing activities in ammonia solutions.
Conversely, suspensions containing Na2SO4 cause Thet of feldspars to clearly fall below the wateractivity-based immersion freezing description (∆aw = const) even in very dilute Na2SO4 solutions,
while Thet of kaolinite follows the ∆aw = const curve. The water activity determines how the
freezing temperature is affected by solute concentration alone, i.e. if the surface properties of the
ice nucleating particles are not affected by the solute. Therefore, the complex behavior of the IN
activities can only be explained in terms of solute-surface-specific processes. We suggest that the
immediate exchange of the native cations (K+/Na+/Ca2+) with protons, when feldspars are
immersed in water, is a prerequisite for their high IN efficiency. On the other hand, excess cations
from dissolved alkali salts prevent surface protonation, thus explaining the decreased IN activity
in such solutions. In kaolinite, the lack of exchangeable cations in the crystal lattice explains why
the IN activity is insensitive to the presence of alkali salts (∆aw = const). We hypothesize that
adsorption of NH3 and NH+
4 on the feldspar surface rather than ion exchange is the main reason

for the anomalous increased Thet in dilute solutions of NH3 or NH+
4 -salts. This is supported by the
response of kaolinite to NH3 or NH+
4 , despite lacking exchangeable ions. Finally, on longer
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timescales (hours to days) the dissolution of the feldspars in water or solutions becomes an
important process leading to depletion of Al and formation of an amorphous layer enriched in Si
within less than an hour. This hampers the IN activity of andesine the most, followed by sanidine,
then eventually microcline, the least soluble feldspar.
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5.1 Introduction
Clouds interacting with incoming solar radiation and outgoing longwave radiation influence the
Earth’s radiation budget (IPCC, 2013). Ice crystals are found in cold cirrus clouds as well as
mixed-phase clouds, modulating their radiative properties. Ice can either form homogeneously
from liquid droplets supercooled to temperatures below about 237 K; or heterogeneously at higher
temperatures with the help of foreign particles, called ice nucleating particles (INPs), which lower
the free energy required to form a critical ice embryo growing into crystalline ice. Heterogeneous
ice nucleation (IN) can proceed via various pathways, namely (1) immersion freezing, when ice
forms on an INP suspended inside a supercooled droplet; (2) condensation freezing, when IN is
concurrent with the activation of an aerosol particle to a cloud droplet; (3) contact nucleation,
when ice forms in a supercooled droplet upon collision with an INP (Pruppacher and Klett, 1994;
Vali et al., 2015b). These freezing mechanisms all occur under participation of a liquid phase. Ice
may also form at conditions supersaturated with respect to ice but subsaturated with respect to
liquid water, a process termed deposition nucleation. Traditionally, it has been ascribed to
deposition of water molecules directly from the vapor phase onto a solid INP without involvement
of a liquid phase, though it has been questioned whether this process actually occurs, or whether
ice forms by pore condensation and freezing (PCF), after stabilizing water in pores by an inverse
Kelvin effect (Marcolli, 2014).
Various studies have shown that mineral dust, typically composed of feldspars, clay minerals,
quartz, micas, calcite and metal oxides, constitutes an important class of INPs (Pruppacher and
Klett, 1994; Murray et al., 2011; Hoose and Möhler, 2012; Atkinson et al., 2013; Cziczo et al.,
2013a; Kanji et al., 2017). Feldspars have been reported to be the most IN active minerals
although the individual members of the feldspar group exhibit very different IN efficiencies
(Atkinson et al., 2013; Zolles et al., 2015; Harrison et al., 2016; Kaufmann et al., 2016). During
long range transport in the atmosphere, mineral dust particles can acquire organic and inorganic
coatings (Usher et al., 2003; Sullivan et al., 2007), which may change their IN efficiencies (Zuberi
et al., 2002; Zobrist et al., 2008; Eastwood et al., 2009; Augustin-Bauditz et al., 2014; 2016;
Kumar et al., 2018a). When the INPs are fully covered by a water-soluble coating, IN may occur
by an immersion freezing mechanism, typically after the aerosol particles experience increasing
humidity.
Koop et al. (2000) provided observational evidence and theoretical underpinning that the
homogeneous freezing temperatures of aqueous solution droplets can be described as a function of
the water activity of solution (aw) alone, namely by shifting the ice melting curve by a constant
Δaw to higher aw-values. A similar approach has been used, with a suitably reduced Δaw, to
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describe the immersion freezing temperatures of various types of INPs as a function of aw. While
the water-activity-based description of homogeneous IN is well established, for heterogeneous IN
this description assumes implicitly that there is no interaction between particle surface and solute.
Several studies suggest that the IN efficiency of various INPs can indeed be approximated by
such a water-activity-based description (Archuleta et al., 2005; Zobrist et al., 2006; Zobrist et al.,
2008; Koop and Zobrist, 2009; Knopf et al., 2011; Knopf and Forrester, 2011; Knopf and Alpert,
2013; Rigg et al., 2013). However, recent studies by Whale et al. (2018) and Kumar et al. (2018a)
showed independently that the IN temperatures of some minerals – including the K-feldspars
microcline and sanidine – deviate significantly from a freezing point line with Δaw = const, with a
shift to higher temperatures in the presence of dilute NH3- and NH4+ -containing solutions and a

shift to lower temperatures in the presence of alkali salts.

In Kumar et al. (2018a) we discussed the interactions of inorganic solutes with the microcline
surface and the effects on its IN efficiency. In this and the companion paper (Part 2; Kumar et al.,
2018b) we relate IN on mineral surfaces with the mineral surface properties by investigating the
differences in IN activity of chemically and/or structurally similar minerals in pure water and
aqueous solutions. The analysis of our freezing experiments suggests that heterogeneous IN does
not occur on the whole surface of INPs with a uniform probability. Rather, there are preferred
locations, so-called active sites, which are responsible for the IN activity of a surface (Fletcher,
1969; Marcolli et al., 2007; Vali, 2014; Vali et al., 2015b; Kaufmann et al., 2017). Estimates
based on classical nucleation theory suggests that minimum surface areas of these sites need to
cover about 10 – 50 nm2 (Kaufmann et al., 2017). In the present paper, for the discussion of IN
activity of aluminosilicates we will assume that IN active surface structures need to be of such
size. We will further assume that IN active sites exhibit surface functional groups that are
characteristic of the mineral, but either occurring in a special 2D-arrangement (e.g. higher density
of certain end-groups on a flat surface) or with a special 3D-feature (e.g. a step, crack or wedge),
making them IN active.
In our companion papers (Kumar et al., 2018a; 2018b) we focus on the specific aluminosilicate
microcline and on various aluminum-free silicas (both amorphous and crystalline forms) with
special focus on quartz (a crystalline form of silica), respectively. The present study investigates
the differences in IN activities of a number of other aluminosilicates, and offers an overall
summary. The other aluminosilicates investigated by immersion freezing include sanidine (Kfeldspar), andesine ((Na-Ca)-feldspar), kaolinite, micas (muscovite and biotite) and gibbsite,
dispersed in solution droplets containing ammonia or the inorganic salts ammonium sulfate,
ammonium chloride and sodium sulfate.
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5.2 Methodology
5.2.1
5.2.1.1

Mineralogy and size distribution
Feldspars

Feldspars are crystalline aluminosilicates, primarily of igneous origin, with the general formula
XAl1-2Si3-2O8, often written as XT4O8 with T = (Al, Si) in tetrahedral coordination with oxygen. X
represents an alkali or alkaline earth metal, acting as a charge compensating cation. The tetrahedra
with Al at the center carry single negative charges which are compensated by K+/Na+ (for 1 Al
atom) or Ca2+ (for 2 Al atoms).

Figure 5.1: Feldspar classification diagram. Numbers are contribution of the end-member
minerals in wt% (adapted from Greenwood and Earnshaw (1998)).

Microcline, sanidine and orthoclase (all K-rich feldspars) are polymorphs and form the potassium
feldspar group. All of them exhibit an Si:Al ratio of 3:1. In sanidine, which forms at high
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temperatures, Al and Si are fully disordered with Al taking random positions in the
aluminosilicate framework leading to monoclinic symmetry. In microcline, Al is fully ordered
leading to triclinic symmetry while orthoclase takes an intermediate position with Al and Si being
partially disordered. Despite the difference in charge, Na+ and Ca2+ are sufficiently similar in
ionic radius, so that there is a complete solid solution series, the plagioclase series, between albite
(NaAlSi3O8) and anorthite (CaAl2Si2O8), with intermediate members divided arbitrarily on the
basis of anorthite contribution (see Figure 5.1). In this series, the Ca:Na and Si:Al ratios are
linked with the Al content which changes according to the Ca content. Andesine takes an
intermediate position of Na-Ca feldspars with a Ca/(Ca + Na) = 30 – 50 % (Greenwood and
Earnshaw, 1998).
When suspended in water/solutions, feldspars undergo slow dissolution, which is a function of
several factors such as crystal surface composition, solution pH, type of ions in solution and
exposure time. In Section 4.1.2 we discuss how dissolution is relevant for our experiments and
can in fact explain the observed IN ability of feldspars.
5.2.1.2

Kaolinite

Kaolinite, (Al4[Si4O10](OH)8), a layered 1:1 (one tetrahedral sheet and one octahedral sheet
forming stacked T-O layers) dioctahedral phyllosilicate, is one of the most abundant clay minerals
found in the Earth’s crust. Each layer consists of a sheet of SiO4 tetrahedra forming six-membered
silicate rings connected via common oxygen atoms to a sheet of AlO6 octahedra forming fourmembered aluminate rings. Weak hydrogen bonds between Al‒OH and Si‒O‒Si groups provide
interlayer attraction preventing ions or molecules from entering the interlayer space and
constituting the non-swelling nature of this mineral. Since ionic substitution of Si4+ with Al3+ is
absent in the regular kaolinite lattice, exchangeable ions only occur at defects or at edges.
Cleavage of kaolinite preferentially occurs along the basal plane, resulting on one side in a
hydroxylated Al-surface with Al atoms arranged in a hexagonal pattern and on the other side in a
siloxane surface with Si‒O‒Si bridges forming hexagonal rings (Bear, 1965). It is still unclear
whether these basal surfaces, edges or defects make kaolinite IN active. We discuss this in more
detail in Section 5.4.2.3.
5.2.1.3

Micas

Muscovite (KAl2(AlSi3O10)(OH)2) and biotite (K(Mg,Fe)3AlSi3O10(OH)2), both quite soft (on
Mohs scale 2 – 3), are 2:1 layer phyllosilicates (one octahedral sheet sandwiched between two
tetrahedral sheets, forming stacked T-O-T layers) belonging to the mica group with nearly perfect
basal cleavage (Bower et al., 2016; Christenson and Thomson, 2016). The tetrahedral layer
consists of Si and Al at a ratio of 3:1. The Al is randomly ordered avoiding Al–O–Al
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arrangements. The presence of Al in the tetrahedral layer introduces a negative charge which is
neutralized by potassium ions acting as the bridge between the T-O-T layers. Muscovite and
biotite differ in their octahedral layers, which in the case of muscovite is dioctahedral and
occupied by Al3+. Biotite is part of a solid solution series within the mica group with trioctahedral
layers occupied by Fe2+ and Mg2+. The end members of the series are pure iron biotite called
annite and pure magnesium biotite called phlogopite (Bray et al., 2015), while biotites take
intermediate positions in terms of Fe:Mg ratios (Fleet et al., 2003). We use this information to
correlate the IN ability of mica to its surface composition (see Section 5.4.3.1).
5.2.1.4

Gibbsite

Gibbsite is an aluminum hydroxide of the general formula Al(OH)3, that exists as different
polymorphs. Particles of this hydroxide are of rare abundance in atmospheric dusts. However, we
added gibbsite to this study because the hydroxylated Al-sheets of kaolinite are structurally
identical with gibbsite. The basal surface of gibbsite is comparable to the aluminol surface of
kaolinite and, therefore, often used as a model surface to elucidate the physicochemical properties
of the Al-surface of kaolinite (Liu et al., 2015; Kumar et al., 2016).
5.2.1.5

Sources of samples and particle size distribution

Feldspars (sanidine and andesine) and mica (muscovite and biotite) samples were obtained from
the Institute of Geochemistry and Petrology of ETH Zurich and milled with a tungsten carbide
ball mill. Particle number size distribution was obtained with a TSI 3080 scanning mobility
particle sizer (SMPS) and a TSI 3321 aerodynamic particle sizer (APS). The dry particles were
dispersed using a fluidized bed. The detailed size distribution and mineralogical composition of
the feldspars, kaolinite and muscovite are given in Kaufmann et al. (2016). Biotite shows a
bimodal particle size distribution with mode diameters of 241 nm and 1.7 µm (see Supplementary
Information). X-ray diffraction (XRD) analysis showed no traces of tungsten carbide in any of the
milled samples. The kaolinite used in this study was KGa-1b from the Clay Mineral Society.
Gibbsite (Al(OH)3.xH2O, < 45 µm) was obtained from Sigma Aldrich.

5.2.2

Emulsion freezing experiments with mineral dusts freshly suspended in pure
water/solutions

We described the general setup of immersion freezing experiments in Part 1 of this series of
papers (Kumar et al. (2018a)). Here we repeat essential aspects for convenience. The experiments
were carried out with the DSC (TA Instruments, Q10) setup (Zobrist et al., 2008). Sanidine and
andesine suspensions (2 wt %), kaolinite suspensions (5 wt %), mica (muscovite and biotite; 5 wt
% and 10 wt %) suspensions and gibbsite (10 wt %) suspensions in water (molecular biology
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reagent water from Sigma-Aldrich) were prepared with varying concentrations (0 – 20 wt %) of
(NH4)2SO4 (Sigma Aldrich, ≥ 99 %), NH4Cl (Sigma Aldrich, ≥ 99.5 %), Na2SO4 (Sigma Aldrich,
≥ 99 %), and diluted NH3 solutions (Merck, 25 %). To avoid particle aggregation, the suspensions
were sonicated for 5 min before preparing the emulsions. The aqueous suspension and an
oil/surfactant mixture (95 wt % mineral oil (Sigma Aldrich) and 5 wt % lanolin (Fluka Chemical))
taken in a ratio of 1:4 were mixed using a rotor-stator homogenizer (Polytron PT 1300D with a
PT-DA 1307/2EC dispersing aggregate) for emulsification (40 seconds at 7000 rpm). 4 – 10 mg
of this emulsion was placed in an aluminum pan, which was hermetically closed, and then
following the method developed and described by Marcolli et al. (2007) three freezing cycles in
the DSC were performed. The first and the third freezing cycles were executed at a cooling rate of
10 K min-1 to control the stability of the emulsion. The second freezing cycle was run at 1 K min-1
cooling rate and used for evaluation (Zobrist et al., 2008; Pinti et al., 2012; Kaufmann et al., 2016;
Kumar et al., 2018a). Emulsions prepared by this procedure exhibit droplet size distributions
peaking at diameters of about 2 – 3 µm in number and a broad distribution in volume with highest
contributions from particles with diameters between 4 and 12 µm similar as the ones shown in
Figs. 1 of Marcolli et al. (2007), Pinti et al. (2012) and Kaufmann et al. (2016). For a clear
heterogeneous signal, dust particles need to be of similar size and smaller than the droplets. Large
particles (> 10 µm) present in dust samples contribute significantly to the dust mass but hardly to
the heterogeneous freezing signal.
Typically, a DSC thermogram of the cooling cycle performed with an emulsion containing INPs
features two freezing signals, as depicted in Kumar et al. (2018a). The first peak occurring at a
warmer temperature displays the heat release accompanied by heterogeneous freezing and the
second peak occurring at a colder temperature is due to homogeneous freezing. The freezing
temperatures (Thet and Thom) are determined as the onset of the freezing peak (i.e., intersection of
the tangent drawn at the point of greatest slope at the leading edge of the thermal peak with the
extrapolated baseline). Droplets with diameters of about 12 µm are considered to be relevant for
the freezing onset. The loading of these droplets with particles depends on the particle size
distribution and the suspension concentration. For 2 – 5 wt % suspensions, 12 µm droplets contain
about 100 – 1000 particles. The melting temperature (Tmelt) was determined as the maximum of
the ice melting peak. For the investigated samples, average precision in Thet were ± 0.1 K with
maximum deviations not exceeding 0.5 K. Thom and Tmelt are precise within ± 0.1 K.
The heat release is related to the frozen water volume and is given by the integral of the heat
signal over time. Since the enthalpy of freezing is temperature dependent, this evaluation is only
approximate (Speedy, 1987; Johari et al., 1994). Fhet is defined as the ratio of the heterogeneous
freezing signal to the total freezing signal (heterogeneous and homogeneous). More details about
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the evaluation of Thet and Fhet can be found in Kumar et al. (2018a). Absolute uncertainties in Fhet,
are on average ± 0.02 and do not exceed ± 0.1 in cases where the heterogeneous freezing signal is
clearly distinguishable from the homogeneous freezing signal. It is important to highlight that Fhet
carries larger uncertainties (> ± 0.1) in cases where heterogeneous freezing signals are weak and
overlap (forming a flattened shoulder; see Supplementary Material) with the homogeneous
freezing signal (e.g. in case of strong hampering of IN ability of feldspars in alkali solutes; see
Section 5.3.1.2). Spikes occurring before the appearance of the heterogeneous freezing signal are
excluded from the evaluation as they originate from single droplets (mostly between 100 – 300
µm with some up to 500 µm in diameter) in the tail of the droplet size distribution, which are
orders of magnitude larger in volume than the average droplets, and not representative for the
sample.
For feldspars, freezing experiments were at least performed in duplicates with separate emulsions,
prepared from a single suspension for each concentration and the means are reported. For
kaolinite and micas, freezing experiments were performed with emulsions prepared from at least
two separate suspensions for each solute concentration and means are reported. Representative
DSC thermograms of all experiments are shown in the Supplementary Material.

5.2.3

Aging experiments with kaolinite suspended in pure water/solutions

Similar to our experiments with microcline (Kumar et al., 2018a), we let kaolinite (5 wt %
suspension) age in pure water, ammonia solution (0.005 molal), and ammonium sulfate solutions
(0.1 wt % and 10 wt %) over a period of five days and its IN activity was tested during this period
in emulsion freezing experiments with the DSC setup. For each solute concentration two separate
suspensions were prepared and aged. Small portions were taken from the suspension and
emulsified for freezing experiments (as described in the previous section) on the day of
suspension preparation (fresh) and the subsequent five days in order to assess the long-term effect
of ammonia and ammonium containing solutes on the IN efficiency of kaolinite.

5.3 Results
5.3.1
5.3.1.1

Feldspars
Dependence of the heterogeneous freezing temperatures on water activity

Figure 5.2a and Figure 5.2b show mean heterogeneous (Thet) and homogeneous freezing onsets
(Thom) and ice melting temperatures (Tmelt) of the feldspars sanidine and andesine for all
investigated solutes (NH4Cl, (NH4)2SO4, Na2SO4) as a function of water activity of solution (aw).
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Figure 5.2: Measured freezing temperatures (left) and heterogeneously frozen fractions (right) of
emulsion freezing experiments with 2 wt % feldspar, namely sanidine (panels a and c) and
andesine (panels b and d), in various solutions (color-coded). Left: Heterogeneous freezing onset
temperatures, Thet (filled solid symbols connected by thin lines to guide the eye), homogeneous
freezing onset temperatures, Thom (open symbols at T = 225 – 237 K), and ice melting
temperatures, Tmelt (open symbols at T = 265 – 273 K) as functions of water activity of solutions,
aw, for various solutes (symbols and colors see insert). Dash-dotted black line: ice melting point
curve. Dotted black line: homogeneous ice freezing curve for supercooled aqueous solutions
ℎ𝑜𝑜𝑜𝑜
obtained by horizontally shifting the ice melting curve by a constant offset ∆𝑎𝑎𝑤𝑤
(T) = 0.294.
ℎ𝑒𝑒𝑒𝑒
Solid black line: horizontally shifted from the ice melting curve by ∆𝑎𝑎𝑤𝑤 (T) = 0.264 and 0.254
for sanidine (panel a) and andesine (panel b), respectively, with offsets derived from the
heterogeneous freezing temperature of the suspension of the mineral in pure water (filled black
square at aw = 1). Symbols are the mean of at least two separate emulsion freezing experiments.
Difference between the two measurements plus instrumental uncertainty in Thet and aw are smaller
than the symbol size (see Section 5.2.2). Right: Heterogeneously frozen fraction, Fhet, as function
of aw, for sanidine (panel c) and andesine (panel d). Measurement difference and uncertainty in
Fhet do not exceed ± 0.1.

The water activity is defined as the ratio of the equilibrium vapor pressure of water over the flat
surface of the solution and the saturation vapor pressure over the flat surface of pure water at the
same temperature. We derive aw from the melting point depression measured by DSC during the
heating cycle (thus, the measured melting points, Tmelt , lie by definition exactly on the melting
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curve). This procedure was not applicable to Na2SO4 , because above the eutectic concentration of
4.6 wt% a hydrate of Na2SO4 crystallizes together with ice. Therefore, water activities for Na2SO4
solutions have been calculated based on the solute concentration using the AIOMFAC
thermodynamic model at 298 K (Zuend et al., 2008; 2011). The homogeneous freezing curve
hom (𝑇𝑇)
(dotted black line) is obtained by a constant shift of the melting curve by ∆𝑎𝑎w
= 0.294,

calculated to best fit the current dataset (see Kumar et al. (2018a) for more details of the

hom (𝑇𝑇)
derivation). This offset is in good agreement with ∆𝑎𝑎w
= 0.305 found by Koop et al.

(2000). Following Koop et al. (2000), we assume aw to be temperature independent between Thom

and Tmelt.

het
is also applied to the heterogeneous freezing temperatures. Here, the
A constant offset ∆𝑎𝑎w

offset in aw is chosen so that the heterogeneous freezing line passes through the freezing
het
temperature of the pure water case. This yields the solid black lines with ∆𝑎𝑎w
= 0.264 and 0.254
∆𝑎𝑎

for sanidine and andesine, respectively, which will be referred to as 𝑇𝑇het𝑤𝑤,san (𝑎𝑎𝑤𝑤 ) and
∆𝑎𝑎

𝑇𝑇het𝑤𝑤,and (𝑎𝑎𝑤𝑤 ), respectively. These curves would be expected, if specific chemical interactions

between the solute and the ice-nucleating surface were absent, so that the only effect of the solute
is a freezing point depression. However, as can be seen from Figure 5.2a and Figure 5.2b, the
∆𝑎𝑎

measured heterogeneous freezing onset temperatures, Thet, deviate from the 𝑇𝑇het𝑤𝑤 (𝑎𝑎𝑤𝑤 )-curves for

both feldspars. For both NH+
4 -solute cases ((NH4)2SO4 and NH4Cl), sanidine shows a strong
increase in Thet at low solute concentrations (aw > 0.99). Remarkably, temperature maxima are up
∆𝑎𝑎

to ≈ 7 K above 𝑇𝑇het𝑤𝑤,san (𝑎𝑎𝑤𝑤 ). This increase is followed by a decrease at higher concentrations
∆𝑎𝑎

back to 𝑇𝑇het𝑤𝑤,san (𝑎𝑎𝑤𝑤 ) in case of NH4Cl solutions (aw ≈ 0.925) and even slightly below
∆𝑎𝑎

𝑇𝑇het𝑤𝑤,san (𝑎𝑎𝑤𝑤 ) in case of (NH4)2SO4 solutions (aw ≤ 0.98). Andesine also shows an increase in Thet,

though smaller in magnitude (≈ 2.6 K with respect to the pure water case), but this enhancement
∆𝑎𝑎

persists to higher NH4+ concentrations. The observed enhancements with respect to 𝑇𝑇het𝑤𝑤,and (𝑎𝑎𝑤𝑤 )

are ≈ 5.1 K and ≈ 4.0 K for NH4Cl and (NH4)2SO4, respectively.

In contrast to NH3 /NH+
-solutions, freezing experiments in the presence of Na2SO4 as a non-NH4+
4
∆𝑎𝑎

solute show a strong decrease in Thet below 𝑇𝑇het𝑤𝑤 (𝑎𝑎𝑤𝑤 ) for both feldspars even at the lowest
investigated solute concentrations (0.0005 wt %, aw > 0.99).

5.3.1.2

Dependence of the heterogeneously frozen fractions on water activity

Figure 5.2c and Figure 5.2d show the heterogeneously frozen fraction Fhet (the ratio of the
heterogeneous freezing signal to the total freezing signal) as a function of aw for sanidine and
andesine. In dilute NH4+ -containing solutions, sanidine shows a remarkable enhancement in Fhet
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when compared to the suspension in pure water. With decreasing water activities, this
enhancement reverses into a decline (for aw < 0.99 in case of (NH4)2SO4 and for aw < 0.98 in case
of NH4Cl). In contrast, Fhet of andesine is less influenced by the presence of NH+
4 -solutes: there is

no significant enhancement at low concentrations and much less of a decrease at higher
concentrations.
For both feldspars, the addition of Na2SO4 leads to a strong decrease of Fhet for the lowest solute
concentration (aw ≥ 0.99) and even to an almost complete inhibition of the IN activity for aw <
0.99.

5.3.2
5.3.2.1

Kaolinite
Dependence of the heterogeneous freezing temperatures on water activity

Figure 5.3a presents Thet, Thom and Tmelt as a function of aw for kaolinite. The offset in aw applied
to shift the melting curve so that it passes through the freezing temperature of the pure water case
∆𝑎𝑎

het
for kaolinite is ∆𝑎𝑎w
= 0.272, here referred to as 𝑇𝑇het𝑤𝑤,kaol (𝑎𝑎𝑤𝑤 ). In the presence of NH+
4 -solutes,
∆𝑎𝑎

kaolinite shows an increase (≈ 2.4 K) in Thet compared to 𝑇𝑇het𝑤𝑤,kaol (𝑎𝑎𝑤𝑤 ) even at the lowest

investigated solute concentration (0.1 wt %; aw > 0.99). The influence of NH3 on the IN activity
was found to be similar to the one of the NH+
4 -containing solutes. This enhancement relative to
∆𝑎𝑎

𝑇𝑇het𝑤𝑤,kaol (𝑎𝑎𝑤𝑤 ) persists over the complete concentration range probed in this study, similar to the

case of andesine. For aw < 0.9, kaolinite shows an increase up to 2.9 K, 5.5 K and 6.9 K in Thet
∆𝑎𝑎

compared to 𝑇𝑇het𝑤𝑤,𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘 (𝑎𝑎𝑤𝑤 ) in solutions of (NH4)2SO4, NH4Cl and NH3 , respectively. In contrast
∆𝑎𝑎

to the feldspars, in Na2SO4 solutions Thet follows 𝑇𝑇het𝑤𝑤,𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘 (𝑎𝑎𝑤𝑤 ) within the error range for all
investigated concentrations.
5.3.2.2

Dependence of the heterogeneous frozen water volume fractions on water activity

Figure 5.3b shows Fhet as a function of aw for kaolinite. Interestingly, kaolinite shows a strong
enhancement in Fhet compared to the pure water case in the presence of NH3 and NH+
4 -solutes

over the complete concentration range. This enhancement is strongest for ammonia solutions,
reaching Fhet ≈ 1 (Fhet ≈ 1 was assumed when it was not possible to discern a homogeneous
freezing signal; see Figure 5.7) at aw = 0.98 – 0.96, compared to Fhet ≈ 0.5 in pure water. In
contrast, Fhet seems to be unaffected by Na2SO4 within experimental uncertainties over the
measured concentration range.
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Figure 5.3: Same as Figure 5.2, but for kaolinite (5 wt %). (a) shows the homogeneous ice
ℎ𝑜𝑜𝑜𝑜
freezing curve (dotted black line) characterized by a constant offset ∆𝑎𝑎𝑤𝑤
(T) = 0.294, the ice
melting curve (dash-dotted black line) and the heterogeneous freezing curve (solid black line)
ℎ𝑒𝑒𝑒𝑒
horizontally shifted from the ice melting curve by ∆𝑎𝑎𝑤𝑤
(T) = 0.272 derived from the
heterogeneous freezing temperature of the suspension of the mineral in pure water (filled black
square at aw = 1). Measured differences and instrumental uncertainties in Thet and aw are smaller
than the symbol size (see Sect. 5.2.2); (b) Fhet (heterogeneously frozen fraction) as function of
water activity of the solutions. Measurement difference and uncertainty in Fhet do not exceed ±
0.1.

5.3.3

Heterogeneous freezing of aqueous solution droplets containing micas

Extending our investigation of the effect of NH3- and NH+
4 -containing solutes on the IN activity

of aluminosilicates, we performed emulsion freezing experiments also with mica dust particles

suspended in solution droplets. Figure 5.4 shows DSC thermograms of muscovite particles
suspended in (NH4)2SO4 and NH3 solution droplets of increasing concentration, and Figure 5.5
the same for biotite in NH3 solution droplets. Thet and Fhet from these measurements for muscovite
and biotite are summarized in Table 5.1 and Table 5.2, respectively. Interestingly, when
suspended in pure water, neither muscovite nor biotite exhibit a discernible heterogeneous
freezing signal in the DSC thermograms. However, both start to develop IN activity when
immersed in ammonia or ammonium solutions (indicated by the dashed black lines in Figure 5.4
and Figure 5.5).
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Table 5.1: Summary of the freezing experiments with emulsified aqueous solution droplets
containing muscovite (5 wt % and 10 wt %). Note that the absolute uncertainty in Fhet may be up
to ± 0.1. Only Fhet above this threshold are clear evidence of heterogeneous IN.
Solute

Solute
Concentration
(m#/wt%)

aw

Thom
(K)

NH3

4.5/5.5*m

0.922/
0.912*

NH3

2m

NH3

Thet (K)

Fhet

Muscovite
5wt%

Muscovite
10wt%

Muscovite
5wt%

Muscovite
10wt%

225.4/
223.6*

233.4

230.6*

0.387

0.471*

0.958

232.1

236.1

237.2

0.231

0.415

1m

0.976

234

238.2

238.6

0.172

0.265

NH3

0.5m

0.987

235.5

239.2

239.9

0.143

0.386

NH3

0.05m

0.996

236.5

240.7

240.3

0.116

0.225

NH3

0.005m

0.997

236.8

240.3

239.4

0.138

0.109

NH3

0.0005m

0.999

237.0

n/a

n/a

n/a

n/a

(NH4)2SO4

1wt%

0.988

236.0

240.8

243.1

0.221

0.169

(NH4)2SO4

0.5wt%

0.994

236.4

241.1

242.8

0.292

0.249

(NH4)2SO4

0.05wt%

0.996

236.9

240.5

241.8

0.199

0.415

Pure Water

-

1

236.8

n/a

n/a

n/a

n/a

*10wt % muscovite suspended in 5.5 molal NH3 solution; #molality; n/a: no Thet and Fhet can be reported
due to absence of a discernible heterogeneous freezing signal in the emulsion freezing experiments

The frozen fraction, Fhet , is a strong function of NH3- or NH4+ -concentration. For muscovite (5 wt

%), Fhet increases from 0.138 in 0.005 molal NH3 (aw = 0.997) to 0.387 in 4.5 molal NH3 (aw =

0.922) solutions. In the case of biotite (5 wt %), suspensions do not reveal a heterogeneous
freezing signal in pure water or in dilute ammonia solutions. A well discernable heterogeneous
freezing signal appears only in concentrated ammonia (4.5 molal, aw = 0.922, Figure 5.5). For 10
wt % biotite suspensions, the heterogeneous freezing signal becomes visible already in 2 molal
ammonia (aw = 0.968; Table 5.2), yet the signals are clearly weaker than those from muscovite
suspensions at similar solute concentrations.

5.3.4

Heterogeneous freezing of aqueous solution droplets containing gibbsite

Figure 5.6 shows the DSC thermograms of the emulsion freezing experiments carried out with 10
wt % gibbsite suspensions in pure water, in NH3- (panel a) and in (NH4)2SO4-containing solutions
(panel b). Gibbsite, exhibiting no heterogeneous freezing signal during emulsion freezing
experiments in pure water, starts to show a weak heterogeneous freezing signal with increasing
NH3 concentration (indicated by the dashed black line in Figure 5.6a). On the other hand, no
heterogeneous freezing signal can be observed for gibbsite suspended in (NH4)2SO4 solutions
(0.05 – 10 wt %; aw = 0.996 – 0.961).

138

Chapter 5: Ice nucleation activity of silicates and aluminosilicates in pure water and aqueous
solutions. Part 3 – Aluminosilicates

Figure 5.4: DSC thermograms of 5 wt % (panels a and b) and 10 wt% (panel c) muscovite
particles suspended in ammonia (0 - 5.5 molal; aw = 0.999 – 0.912) and ammonium sulfate (0 – 1
wt %; aw = 0.996 – 0.988) droplets of different solution concentrations (given as inserts). All
curves are normalized such that the areas under the heterogeneous and homogeneous freezing
curves sum up to the same value. The dashed black line connects the heterogeneous freezing onset
temperatures (Thet) of the emulsions. With increasing ammonia concentration heterogeneous IN
efficiency starts to develop, as can be noticed from the appearance of Thet which was absent in
pure water. The intensity of the heterogeneous freezing signal, hence Fhet becomes more
prominent in 10 wt % suspensions (see Table 5.1).
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Table 5.2: Summary of the freezing experiments with emulsified aqueous solution droplets
containing biotite (5 wt % and 10 wt %). Note that the absolute uncertainty in Fhet may be up to ±
0.1. Only Fhet above this threshold are clear evidence of heterogeneous IN.
Thet (K)

Fhet

Solute

Solute
Concentration
(molality)

aw

Thom (K)

Biotite
5wt%

Biotite
10wt%

Biotite
5wt%

Biotite
10wt%

NH3

4.5/5.5*

0.922/0.912*

225.0/223.7*

228.1

232.4*

0.187

0.308*

NH3

2

0.968

232.7

n/a

235.6

0.000

0.214

NH3

1

0.981

234.3

239.5

239.4

0.026

0.082

NH3

0.5

0.989

235.7

240.1

240.3

0.020

0.092

NH3

0.05

0.998

236.7

240.0

240.2

0.042

0.063

NH3

0.005

0.999

236.9

n/a

n/a

n/a

n/a

NH3

0.0005

0.999

236.8

n/a

n/a

n/a

n/a

Pure
Water

-

236.8

n/a

n/a

n/a

n/a

1

*10wt % biotite suspended in 5.5 molal NH3 solution; n/a: no Thet and Fhet can be reported due to absence of
a discernible heterogeneous freezing signal in the emulsion freezing experiments

5.4 Discussion
5.4.1

Feldspars

Thet and Fhet trends for sanidine and andesine are similar to the ones of the K-feldspar microcline
reported in our previous study, Kumar et al. (2018a), however, with significant variations. All
investigated feldspars show an increase in Thet at low concentrations of NH+
4 -solutes (aw ≥ 0.99).

This increase is highest for sanidine and lowest for andesine. On the other hand, the decrease of

Thet at higher solute concentration is most pronounced for microcline with values falling below the
prediction from the water activity-based description. For andesine, Thet remains above
∆𝑎𝑎

∆𝑎𝑎

𝑇𝑇het𝑤𝑤,and (𝑎𝑎𝑤𝑤 ) while it just decreases to 𝑇𝑇het𝑤𝑤,san (𝑎𝑎𝑤𝑤 ) for sanidine. In case of non-NH4+ -solutes,
Thet decreases below the prediction from the water activity-based approach for all investigated
feldspars even at low solute concentrations.
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Figure 5.5: DSC thermograms of 5 wt % (panel a) and 10 wt % (panel b) biotite particles
suspended in ammonia solution droplets (0 - 5.5 molal; aw = 0.999 – 0.912). All curves are
normalized such that the areas under the heterogeneous and homogeneous freezing curves sum
up to the same value. In contrast to muscovite, biotite becomes IN active only at very high
concentrations of ammonia. In addition, the intensity of the heterogeneous freezing signal (hence
Fhet) is low, but becomes more prominent in 10 wt % suspensions (see Table 5.2).
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Figure 5.6: DSC thermograms of 10 wt % gibbsite suspended in ammonia solution droplets
(panel a) of concentrations from 0 to 1 molal (aw = 1 – 0.981) and (NH4)2SO4 solution droplets
(panel b) from 0 to 10 wt % (aw = 1 – 0.961). All curves are normalized such that the areas under
the heterogeneous and homogeneous freezing curves sum up to the same value. Gibbsite shows no
discernible heterogeneous freezing signal in pure water and starts to show a weak heterogeneous
freezing signal when suspended in ammonia solution (dashed black line connects the onset of
heterogeneous freezing signals), while no heterogeneous IN is observed for gibbsite suspended in
(NH4)2SO4.
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Similar trends are also observed for Fhet. Microcline shows an increase in Fhet at low concentration
of NH4+ -solutes, but also a strong decrease at high solute concentrations. Sanidine shows a similar

behavior as microcline, but the decrease of Fhet at high NH4+ -solute concentrations is less

pronounced. On the other hand, Fhet of andesine is strongly decreased only in the presence of

Na2SO4 but hardly affected by the presence of NH+
4 -solutes. These findings are also in general

agreement with droplet freezing experiments by Whale et al. (2018) who observed for microcline
and sanidine an increase of active site densities in the presence of NH4+ -solutes and a decrease in

alkali halide solutions.

The differences in Thet and Fhet in pure water and the investigated solutions indicate substantial
differences between the investigated feldspar surfaces, despite their similar crystal structures.
Microcline and sanidine are both K-feldspars with Si:Al ratios of about 3:1 but with Al and Si
ordered in the microcline crystal lattice and disordered in sanidine. Andesine is a (Na-Ca)feldspar with Ca:(Na+Ca) = 30 – 50 % and the Si:Al ratio varying accordingly. In the following,
we will discuss how these differences between the feldspars influence their surface structure in
the presence of water and solutes, and how the surface structure can be related to the measured
Thet and Fhet.
5.4.1.1

Surface ion exchange

In pure water, the native charge-balancing surface cations (K+/Na+/Ca2+) immediately undergo
cation-exchange by H+/H3O+ (Chardon et al., 2006; Lee et al., 2008), with hardly any
simultaneous structural surface damage (Busenberg and Clemency, 1976). The native cation may
also participate in ion-exchange with an externally added cation depending on the size and charge
compatibility of the latter with the crystal structure (Auerbach et al., 2003; Belchinskaya et al.,
2013). Ammonium ions not only have a strong preference for cation exchange with K-feldspars
and (Na-Ca)-feldspars but are also fixed to the surface in non-exchangeable form, because of the
high bonding energy involved (Nash and Marshall, 1957; Barker, 1964; Russell, 1965; Chou and
Wollast, 1989; Dontsova et al., 2005).
In Kumar et al. (2018a), we have shown that the ion exchange is unlikely as a reason for the
enhanced IN efficiency of microcline in dilute NH+
4 -containing solutions. Rather, hydrogen

bonding of ammonia/ammonium with the surface hydroxyl groups seems to provide better ice-

like template sites for the incoming water molecules (Anim-Danso et al., 2016), leading to an
increase in Thet.
5.4.1.2

Aluminum depletion and surface dissolution

In addition to the exchange of surface ions discussed above (and in more detail in Kumar et al.
(2018a)), feldspars undergo slow dissolution in water and aqueous solutions followed and
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accompanied by the precipitation of more stable phases like kaolinite, gibbsite or halloysite
(Stillings and Brantley, 1995). Depending on the specific feldspar and solution pH, steady-state Si
dissolution rates vary between 10-10 and 10-14 moles m-2 s-1 (Crundwell, 2015) with lowest values
at near neutral conditions. The solution pH during the emulsion freezing experiments reported in
Figure 5.2 are close to neutral with pH values ranging from 5.5 – 6.7. For the feldspars
investigated in this study, steady-state dissolution rates are lowest for microcline with 4⋅10-14 –
8⋅10-14 moles m-2 s-1 at pH ~ 6 (Crundwell, 2015) followed by sanidine with a rate of ~ 2⋅10-13
moles m-2 s-1 at near neutral conditions (Crundwell, 2015), while dissolution of andesine occurs
with a steady-state rate of 10-12 – 10-11 moles m-2 s-1 at pH ~ 8 (Gudbrandsson et al., 2014).
Hereby, initial dissolution rates of freshly suspended feldspar may be higher by up to three orders
of magnitude than the rates at steady-state (Zhu et al., 2016). With these rates, dissolution is in the
range of one monolayer within the timescale of a DSC freezing experiment (1 – 1.5 h) for
andesine, and below it for sanidine and microcline.
At near-neutral conditions, the dissolution proceeds via protonation of the oxygen of ≡Al–O–Si≡
bridges with subsequent release of Al3+ resulting in an incongruent (deviation of ratio of released
Si to Al from stoichiometric ratio) initial dissolution for most feldspars when they are freshly
suspended in water (Oelkers and Schott, 1995; Oelkers et al., 2009), and leading to a ≡Si–OH rich
surface (Oxburgh et al., 1994; Stillings and Brantley, 1995; Oelkers et al., 2009). Oelkers et al.
(2009) found aluminum surface depletion to occur readily in their 20-min titration experiments
with the Na-feldspar albite. Thus, the feldspar surfaces in pure water suspensions can be
considered at least partly or even completely depleted in aluminum with the dangling bonds
replaced by silanol groups within the timescales of our experiments. The dissolution incongruence
with respect to Al-atoms depends on the Si/Al ordering and the Si:Al ratio of the feldspar lattice
(Yang et al., 2014a; 2014b). Yang et al. (2014b) investigated the stoichiometry of feldspar
dissolution under acidic conditions (pH 1.8) and found that microcline with Si:Al = 3.0 dissolved
with a ratio of Si:Al = 2.1. Their sanidine sample with Si:Al = 2.87 released Al with Si:Al = 1.36,
while their andesine sample with Si:Al = 1.95 dissolved at a ratio Si:Al = 0.76:1. This dissolution
incongruence leads to a layer leached in Al, with a thickness that depends on the specific feldspar
and increases with decreasing pH. At steady-state, this Al-depleted layer is 6.6 – 8.5 nm thick for
microcline at pH 1 (Lee et al., 2008), but only 1 – 2 nm at pH 3 (Stillings and Brantley, 1995). For
andesine, it reaches 60 – 120 nm at pH 3.5 and still 15 – 30 nm at pH 5.7 (Muir et al., 1990).
Since Al dissolution at steady-state conditions needs to occur through this layer, the andesine
surface is considered to consist of somewhat loosened and distorted feldspar chains resulting in a
porous, amorphous-like structure (Marshall, 1962; Stillings and Brantley, 1995; Zhang and
Lüttge, 2007). At pH 1, the first 5 nm of surface layer of microcline were found to be amorphous
(Lee et al., 2008). Since amorphous silica shows barely any IN activity (see also the companion
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paper Kumar et al. (2018b)), the loss of IN activity of microcline in the presence of H2SO4
(Kumar et al., 2018a), may be explained by the presence of an amorphous silica layer. Since Thet
correlates with the thickness of the leached layer reported for the investigated feldspars, we
hypothesize that a thick amorphous surface layer hampers the IN activity of feldspars.
5.4.1.3

Surface charge and surface protonation

Feldspars exhibit a negative surface charge over a wide pH range with a point of zero charge
(PZC) < 2 (Karagüzel et al., 2005; Vidyadhar and Hanumantha Rao, 2007). Bringing the feldspar
surface closer to the PZC by adding H2SO4 did not increase Thet but decreases Fhet due to surface
degradation as was shown for microcline (Kumar et al., 2018a). This shows that surface charge is
only one among several factors influencing IN activity. We discuss the effect of surface charge on
IN activity of mineral surfaces in more detail in Section 5.5.
Surface hydroxyl groups are considered to promote IN because they can form hydrogen bonds
with water molecules and bring them in a suitable orientation for IN. In a recent molecular
simulation study, Pedevilla et al. (2017) found that the OH density rather than a specific OH
pattern is a useful descriptor of IN ability. The relevance of surface hydroxylation is in agreement
with our observations that Na+ ions added to an aqueous feldspar suspension decrease Thet and Fhet
for all investigated feldspars since they replace the protons (Oelkers et al., 2009) thus decreasing
the surface hydroxylation (see Figure 5.2 of this paper; Kumar et al. (2018a)). Ammonium on the
other hand, can form hydrogen bonds with water molecules and does therefore not reduce the IN
activity. In addition, NH3/NH4+ is not only involved in ion exchange but also binds to the feldspar
surface (Kumar et al., 2018a). Therefore, it increases the capacity for hydrogen bonding even
more and leads to an increased IN activity. A strong increase of proton concentration (low pH), on
the other hand, hampers or even totally impedes IN because it promotes aluminum depletion and
the formation of an amorphous silica surface layer.
5.4.1.4

Influence of sulfate

While we consider solute effects to be dominated by cations at low concentrations, the anions
seem to become more relevant at higher concentrations. Aqueous phase complexes of dissolved
aluminum with sulfate enhance the solubility of aluminum. Surface complexes of sulfate with
surface aluminum can impede or enhance dissolution of aluminum. Bidentate surface complexes
with sulfate do not enhance surface protonation and should stabilize aluminum at the surface,
while the formation of mononuclear complexes should facilitate surface protonation and help
dissolution of aluminum (Min et al., 2015). The effect of sulfate should therefore depend on the
bonding strength of aluminum to the feldspar surface, which depends on the Si/Al order and Si:Al
ratio. Min et al. (2015) found that the dissolution rate of anorthite, a (Na-Ca)-feldspar with Si:Al
= 1, is enhanced by the formation of monodentate complexes between the aluminum surface sites
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and sulfate. This seems to be also the case for the (Na-Ca)-feldspar andesine. On the other hand,
surface complexation of aluminum sites with sulfate seems to decrease the removal of aluminum
and block sites for IN in the case of microcline, while sanidine takes an intermediate position.
5.4.1.5

Previous IN studies with feldspars

The IN activity of feldspars has already been investigated in previous studies. All studies agree
that the IN activity of K-feldspars are high among mineral dusts (Atkinson et al., 2013; Harrison
et al., 2016; Kaufmann et al., 2016; Peckhaus et al., 2016). Kaufmann et al. (2016) found that the
IN activity of microcline is superior compared with other K-feldspars. Several studies have been
dedicated to microcline. Niedermeier et al. (2015) and Burkert-Kohn et al. (2017) found frozen
fractions of 0.5 at 244 – 245.5 K for condensation freezing on 300 nm microcline particles that
were strongly reduced when the samples were aged under acidic conditions. A strong reduction of
IN activity when feldspars were coated with sulfuric acid was also observed by Kulkarni et al.
(2014). The IN activity of microcline after aging in pure water seems to depend on the specific
sample. Samples with the highest onset freezing temperatures also show the strongest reduction in
IN activity after aging, indicating that the best active sites might also be the most labile ones
(Harrison et al., 2016; Peckhaus et al., 2016). Harrison et al. (2016) found that one sample of Nafeldspar (albite) was similarly active as microcline when freshly suspended in water, but lost its
high activity after having been suspended over months in water, indicating that its IN activity may
be related to sites with high solubility that are lost over time by dissolution. This confirms that
protonation conveys on one hand sites for IN but may destabilize on the other hand active sites.
Kiselev et al. (2016) found that high-energy (100) surface patches of K-rich feldspars are best
suited for deposition growth of aligned ice crystals below water saturation. However, it is not
clear how resistant these high-energy sites are when immersed in water. Whale et al. (2017)
related the exceptionally high IN ability of K-feldspars to microtextures, giving rise to
topographic features with high IN temperatures. The IN site densities that they investigated with
their setup were in the range from 10-1 to 103 cm-2 with IN temperatures up to 271 K. With the
DSC emulsion freezing experiments, we investigate the properties of sites that are common to
submicrometer particles, i.e. with surface densities in the range from 10-10 to 10-5 cm-2 nucleating
ice up to 252 K. While the sites investigated by Whale et al. (2017) may be well correlated with
microtextures, it is unlikely that such features are common enough in submicrometer particles to
account for the IN activity observed in our emulsion freezing experiments.
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5.4.2
5.4.2.1

Kaolinite
IN efficiency in pure water

Kaolinite has shown IN activity in various freezing modes (Zuberi et al., 2002; Welti et al., 2009;
Lüönd et al., 2010; Murray et al., 2011; Hoose and Möhler, 2012; Pinti et al., 2012; Nagare et al.,
2016). Many studies investigated K-SA kaolinite from Sigma Aldrich (Zuberi et al., 2002; Lüönd
et al., 2010; Burkert-Kohn et al., 2017), while others used the KGa-1b kaolinite from the Clay
Mineral Society. Pinti et al. (2012) found with their emulsion freezing experiments that K-SA
exhibits a second freezing peak at higher temperatures with onset at ~248 K that could be related
to impurities of feldspars (Atkinson et al., 2013). On the other hand, KGa-1b features only one
heterogeneous freezing peak with an almost constant onset at ~240 K in emulsion freezing
experiments irrespective of the kaolinite concentration in the aqueous suspension (Pinti et al.,
2012), which is an indication of the homogeneous composition and mineralogical purity of the
sample. The Thet for 5 wt% kaolinite suspension observed in our study is in agreement within
measurement uncertainties with Pinti et al. (2012). Kaufmann et al. (2016) evaluated the active
particle fraction of kaolinite KGa-1b to be only about 0.04 compared to values of 0.54 – 0.64
determined for microcline. A lower active fraction of kaolinite compared with the feldspar
microcline was also confirmed by single particle immersion freezing experiments (Burkert-Kohn
et al., 2017). With Thet = 240 K, the onset of heterogeneous IN is lower than the ones of
microcline (Thet = 252 K), sanidine (Thet = 241 K), and andesine (Thet = 243 K).
5.4.2.2

IN efficiency in solutions

The DSC curves for kaolinite suspended in NH3 solution (Figure 5.7) show that for a certain NH3
concentration range (0.5 – 2 molal; aw = 0.988 – 0.955) the heterogeneous freezing signal totally
dominates the homogeneous one, indicating that initially IN inactive particles (contributing to the
homogeneous freezing DSC signal) became IN active after addition of ammonia. Salam et al.
(2007; 2008) have previously reported improved IN efficiency of the clay mineral
montmorillonite below and above water saturation after the particles were exposed to NH3 gas.
Kaolinite shows an increase of Thet and Fhet in dilute NH+
4 -solutes and dilute NH3 solutions but no
decrease at higher concentrations, similar to the behavior of andesine but opposite to the one of

microcline. One notable difference between the investigated feldspars and kaolinite is that the
latter shows no decline of IN activity in the presence of Na2SO4.
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Figure 5.7: DSC thermograms of 5 wt % kaolinite particles suspended in ammonia solution
droplets (0 - 4.5 molal; aw = 1 – 0.922). All curves are normalized such that the areas under the
heterogeneous and homogeneous freezing curves sum up to the same value.

The similarities in the effect of NH3/NH+
4 -solutes on the IN activity of kaolinite and the

investigated feldspars indicate similarities of the chemical functionalization of IN active sites in
these two groups of minerals. In the following, we compare the surface properties of kaolinite
with the ones of the feldspars to elucidate which surface properties can explain the similarities and
discrepancies in IN activity.
5.4.2.3

Which kaolinite surface is responsible for the IN activity?

As a sheet aluminosilicate, kaolinite exhibits two basal faces – the siloxane tetrahedral and the
alumina octahedral – and hydroxylated edges. The overall surface charge of kaolinite in pure
water is negative with a PZC < 2. The PZC increases when kaolinite is suspended in salt solutions
(Yukselen-Aksoy and Kaya, 2011). However, this overall value determined from bulk
experiments does not need to apply to the individual faces of kaolinite.
Recent surface force measurements have been able to probe the surface properties of the kaolinite
faces individually. These measurements evidenced a negative charge of the siloxane surface with
a PZC below pH 4 (Gupta and Miller, 2010). Isomorphic substitution of Si(IV) for Al(III) in
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tetrahedral layers is considered the main reason for the net permanent negative surface charge,
which is balanced by the adsorption of cations (e.g., Na+, K+, Ca2+) (Cashen, 1959; Grim, 1968;
Bolland et al., 1980). The oxygen atoms on the siloxane surface are relatively weak electron
donors and not capable to form hydrogen bonds with water molecules. Therefore, the near-surface
water molecules interact predominantly with each other so that the surface is considered nearly
hydrophobic (Jepson, 1984; Giese and van Oss, 1993; Braggs et al., 1994).
Unlike the siloxane surface, the hydroxyl-rich surface of the Al-octahedral layer is hydrophilic
and forms hydrogen bonds with water (Schoonheydt and Johnston, 2006; Yin et al., 2012).
Therefore, the two basal surfaces show very different surface chemistry (Tunega et al., 2002;
Tunega et al., 2004). The alumina face was found to be negatively charged at pH ≥ 8 and
positively at pH ≤ 6 indicating a PZC of pH 6 – 8 (Gupta and Miller, 2010). The pH-dependent,
non-permanent surface charge arises from protonation/deprotonation of surface hydroxyl groups.
While silanol groups mainly contribute to negative charge through the formation of SiO− by
deprotonation, aluminol groups undergo both protonation at low pH and deprotonation at high pH
(Abendroth, 1970; Bleam et al., 1993).
Disruption of the kaolinite sheets leads to dangling oxygen atoms at the crystal edges which takes
up water molecules to transform into hydroxyl groups. This process produces a surface rich in
silanols and aluminols, which terminate tetrahedral and octahedral layers, respectively (Brady et
al., 1996; Liu et al., 2013). The PZC of the kaolinite edge surface was found to be below pH 4.
The negative charge is considered to arise from deprotonation of Si-sites which is only partly
counteracted by positively charged Al-sites (Brady et al., 1996). The reactive hydroxyl groups,
due to their charge, have the potential to chemisorb certain other ionic species (Schoonheydt and
Johnston, 2006, 2013). Such hydroxyl groups are also present at steps and cracks.
First principles calculations and molecular dynamics simulations have indicated that hydrogen
bonding to surface hydroxyl groups is an essential factor for providing IN activity to mineral
surfaces (Hu and Michaelides, 2007; Sosso et al., 2016a; Glatz and Sarupria, 2018). The absence
of sites for hydrogen bonding make the regular siloxane surface an unlikely candidate for IN
(Freedman, 2015). The alumina surface, on the other hand, is OH-rich and has been probed in
several modeling studies for its capability to nucleate ice. Based on a density-functional theory
study, Hu and Michaelides (2007) concluded that the basal surfaces of kaolinite do not support
epitaxial multilayer ice growth, rather they may promote the growth of the prism face of ice (Cox
et al., 2013). Monte Carlo simulations carried out by Croteau et al. (2008, 2009) suggested that a
rigid Al-surface of kaolinite (001) is incapable of orienting water molecules into ice-like
configurations, instead trenches and surface defects were suggested to be responsible for IN
(Croteau et al., 2010b, a). Zielke et al. (2016) showed that both the Al-surface and the Si-surface
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can nucleate ice, by reorientation of hydroxyl groups in the former case and by ordered
arrangement of hexagonal and cubic ice layers joined at their basal planes in the latter case. Glatz
and Sarupria (2018), based on molecular dynamic simulations on kaolinite-like surfaces, argued
that lattice matching and hydrogen bonding are necessary but not sufficient conditions for IN.
Sosso et al. (2016b) found that IN on the hydroxylated basal surface of kaolinite proceeds
exclusively via the formation of the hexagonal ice polytype but that this process crucially depends
on very small structural changes upon kaolinite surface relaxation in the molecular dynamics
simulations.
While most of these studies focused on the basal planes, experimental evidence suggests that the
edges are preferred locations for IN. Indeed, Wang et al. (2016) found in IN experiments with a
cell coupled to an environmental scanning electron microscope that ice preferentially nucleates at
the edges of kaolinite particles when they were exposed to increasing RH. The similar response of
kaolinite and feldspars to NH3/NH+
4 -solutes indicates a similar chemical composition of IN active
sites on the surfaces of these two mineral types, suggesting that the kaolinite edges, rich in both,
aluminol and silanol groups should be responsible for the observed IN activity.
In order to assess the likeliness of IN occurring at the Al-surface of kaolinite and how it is
influenced by the presence of NH3/NH+
4 -solutes, we ran emulsion freezing experiments with

gibbsite (10 wt %) in pure water and different concentrations of NH3 and (NH4)2SO4 solutions.
Similar to the hydroxylated Al-layers of kaolinite, gibbsite consists of stacked sheets of linked
octahedra of aluminum hydroxide. Therefore, the gibbsite surface is often taken as a model for the
Al-surface of kaolinite (Liu et al., 2015; Kumar et al., 2016). The PZC of gibbsite falls in the pH
range from 7.5 to 11.3 (Kosmulski, 2009; Liu et al., 2015), thus in a similar, yet somewhat higher
range than the one of the Al-surface of kaolinite (pH 6 – 8). DSC thermograms of the emulsion
freezing experiments with gibbsite (Figure 5.6) show no heterogeneous freezing signal in pure
water and (NH4)2SO4 solutions up to 10 wt %. Only when suspended in NH3 solutions (0.05 – 1
molal, aw = 0.996 - 0.981), a weak heterogeneous freezing signal developed. This indicates that
NH3 hydrogen bonded to the hydroxylated Al-surface provide IN activity to gibbsite, while the
positively charged NH4+ does not adsorb on the positively charged Al-surface. Given the inability

of gibbsite to nucleate ice in water and (NH4)2SO4, we conclude that the IN activity of kaolinite

rather stems from the edges as suggested by Wang et al. (2016) and Croteau et al. (2010b). This
conclusion is further supported by the finding that kaolinite indeed adsorbs NH3 by forming
hydrogen bonds with the hydroxyl groups at the edges (James and Harward, 1962).
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5.4.2.4

Aging effect

We carried out immersion freezing experiments with kaolinite (5 wt %) suspended in pure water,
NH3 solution (0.005 molal, aw = 0.999), and (NH4)2SO4 solutions (0.1 wt % and 10 wt %; aw =
0.996, aw = 0.961, respectively) over a period of five days to assess the effect of aging on the IN
efficiency of kaolinite. Figure 5.8 shows Thet (panel a) and Fhet (panel b) as a function of time. Thet
remains stable over the measured time period within the experimental measurement uncertainties.
Similarly, Fhet remains constant except in the pure water case where it shows a slight increase.
The dissolution rate of kaolinite depends on pH with the lowest values of 10-14 – 10-13 moles (of
Si) m-2 s-1 realized at near neutral conditions (Carroll and Walther, 1990; Huertas et al., 1999). At
acidic conditions the dissolution increases because of H+ attack at the Si–O–Al linkages of the
edges leading to the liberation of aluminum ions into the solution (Xiao and Lasaga, 1994;
Fitzgerald et al., 1997). At alkaline conditions, dissolution is considered to occur dominantly at
the basal octahedral face via deprotonation of aluminum sites (Huertas et al., 1999; Naderi
Khorshidi et al., 2018). At near neutral conditions, both mechanisms are inefficient leading to a
minimum in the dissolution rate. Between pH 5 and 10, kaolinite dissolution is accompanied by
the precipitation of an aluminum hydroxide phase (Huertas et al., 1999).
The pH of the solutions used for the aging experiments with kaolinite are in the slow dissolution
near-neutral regime. Since there is no decrease in IN efficiency during the 5 days of aging in the
aqueous solutions of ammonia and ammonium sulfate, surface alteration during this time period
seem to be minor. Indeed, with a dissolution rate of 10-14 – 10-13 moles m-2 s-1, the Si dissolved
during the 5 days of the experiments, should be well below a monolayer and should not lead to a
significant alteration of the surface composition. Nevertheless, when dissolution occurs
preferentially on chemically more reactive sites that are likewise IN active, destruction of these
sites might lead to a decrease in IN activity. However, the increase of IN activity in pure water
rather suggests the generation of new IN active sites due to surface changes in the presence of
water.

5.4.3

IN efficiency of micas

The mica minerals, muscovite and biotite, do not show a heterogeneous freezing signal in
emulsion freezing experiments with pure water (see Figure 5.4 and Figure 5.5) even in 10 wt %
suspensions. Considering the particle size distributions of the two minerals, which peaks at about
335 nm in case of the muscovite sample (Kaufmann et al., 2016) and is bimodal with maxima at
241 nm and 1.7 µm, the lack of a heterogeneous freezing signal cannot be ascribed to the
predominance of empty emulsion droplets.
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Figure 5.8: Development of Thet (upper panel) and Fhet (lower panel) for 5 wt % kaolinite
suspended in water, 10 wt % (NH4)2SO4, 0.1 wt % (NH4)2SO4, 0.005 molal ammonia solutions
over a period of 5 days. Data points depict mean (with error bars representing min-to-max) for
Thet and Fhet measured for two aging experiments performed with two independently aged
suspensions.

When probing the IN activity of muscovite in the presence of NH3, a weak heterogeneous
freezing signal appears at NH3 concentration of 0.005 molal (aw = 0.997) which develops into a
clear shoulder at the highest ammonia concentrations (Table 5.1). While a clear heterogeneous
freezing signal in form of a shoulder appears when muscovite is suspended in dilute (NH4)2SO4
solutions (0.05 – 1 wt %, aw = 0.996 – 0.988). For biotite, a heterogeneous freezing signal
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becomes visible only at the highest ammonia concentration of 4.5 molal (aw = 0.922) for the 5 wt
% suspension and between 2 - 5.5 molal (aw = 0.968 – 0.912) ammonia solutions for the 10 wt %
suspension (Table 5.2).
Micas have been tested for IN activity in numerous studies, however, with very diverse outcome.
Older studies have reported dentritic ice growth on the basal planes of freshly-cleaved micas
(muscovite and fluorophlogopite: KMg3AlSi3O10F2) when they were exposed to water saturation
at cold temperatures (Bryant et al., 1959; Hallett, 1961; Layton and Harris, 1963). Shen et al.
(1977) showed that fluorophlogopite and muscovite particles (44 – 74 µm) induce IN in bulk
freezing experiments with onset temperatures of 272 K and 268 K, respectively. Steinke (2013)
investigated the freezing of water droplets on a muscovite surface in a cold stage and found IN
activity around 250 K but with a much lower active site density compared with clay minerals.
Atkinson et al. (2013), on the other hand, observed hardly any IN activity in immersion mode for
a non-specified mica. Campbell et al. (2015) found freezing close to the homogeneous freezing
temperature for droplets on muscovite. Surface imperfections on the basal plane of muscovite
were found to promote IN on muscovite exposed to water vapor below the threshold temperature
for homogeneous IN but had no effect when the surface was immersed in water above this
threshold temperature. Overall, the IN activity of micas seems to be much lower than that of clay
minerals such as kaolinite despite their similar structure.
5.4.3.1

IN activity in relation to the surface properties of micas

Micas are 2:1 phyllosilicates (see Sect. 5.2.1.3) that are easily cleaved along the basal plane
yielding molecularly smooth surfaces. The basal surfaces consist of a tetrahedral layer with an
Si:Al ratio of 3:1. This surface is dominated by Si–O–Si and Al–O–Si bridges exhibiting little
hydroxylation. Due to the isomorphic substitution of Si(IV) for Al(III) in the tetrahedral layer, the
basal surfaces are hydrophilic and carry a permanent negative charge that is neutralized by K+
ions (Zhao et al., 2008; Yan et al., 2013). When suspended in electrolyte solutions, K+ exposed to
the surface undergo ion exchange within seconds (Cho and Komarneni, 2009; de Poel et al., 2017;
Lee et al., 2017). In pure water surface K+ and to a lesser degree, also interlayer potassium ions
are lost to the suspension and replaced by protons introducing hydroxylation to the basal surface
and widening the muscovite lamellae (Banfield and Eggleton, 1990). At the edges of the plate-like
particles, the broken bonds of the disrupted sheets are saturated by –OH, resulting in a
hydrophilic, hydroxylated surface with a surface charge that depends on pH (Zhao et al., 2008).
Micas slowly dissolve when suspended in water accompanied by precipitation of metal
(hydr)oxides and kaolinite, which may form nanometer coatings on the mica surface blocking
active sites (Pachana et al., 2012). The dissolution occurs with similar pH dependence as observed
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for feldspars with the lowest rates at near neutral conditions (Oelkers et al., 2008; Bray et al.,
2015; Lammers et al., 2017). Dissolution may occur via etch pits on the basal surface, but the
dominating process seems to be corrosion of the edge surfaces (Oelkers et al., 2008; Pachana et
al., 2012).
The Si dissolution rate of muscovite is about 10-13 to 10-12 moles m-2 s-1 at neutral conditions
(Brady and Walther, 1989; Lammers et al., 2017), which is sufficient to lead to surface alterations
within the timescale of our experiments. The initial dissolution of Al is higher than the one of Si
(Pachana et al., 2012), confirming that edges dissolve more readily than the basal faces. The basal
plane of muscovite carries negative charge independent of pH while the edges carry a negative
charge at high pH and a positive charge at low pH with a PZC at pH 7 – 8. The dissolution rate of
biotite is 10-12 to 10-11 moles m-2 s-1 at neutral conditions. The initial dissolution at pH 6 was
observed to be congruent with respect to Si and Al, but Mg and Fe positioned in the octahedral
layer dissolved at a higher rate, resulting in a metal depleted disordered octahedral layer (Pachana
et al., 2012; Bray et al., 2015).
The absence of a heterogeneous freezing signal in emulsion freezing experiments suggests a low
density of IN active sites. Thus, the IN activity seems to stem from very special features that are
rare, while the regular mica surfaces are inactive despite the hydrophilicity of the basal surfaces
and the dense hydroxylation of the edges, both characteristics of IN active surfaces. Indeed, sumfrequency-generation (SFG) spectra showed that water adsorbed at full monolayer coverage (90
% RH) forms an ice-like film on the basal muscovite surface (Miranda et al., 1998). Yet, this film
does not seem to grow readily into bulk ice. The surface electric field of the negatively charged
muscovite surface orders water molecules with the protons pointing towards the surface. SFG
spectra show that this ordering decreases when the water freezes and increases again when the ice
melts, suggesting that the ordered water layer adsorbed on the basal mica surface is unable to
template ice (Anim-Danso et al., 2016). This finding is in-line with Abdelmonem et al. (2017)
who found that IN was not promoted by the presence of an ordered water layer on the
hydroxylated sapphire (α-Al2O3) surface. On the contrary, IN was observed to occur at slightly
warmer temperature close to the PZC when the water molecules were disordered. While at low
and high pH, the aligning of the water molecules on the positively or negatively charged surface,
respectively, was detrimental to IN.
While the absence of IN activity at the edges of biotite may be ascribed to the fast disintegration
of this surface in the presence of water, it is not clear whether surface alteration at the edges of
muscovite are sufficient to explain their lack of IN activity in pure water. In the presence of NH3
and (NH4)2SO4 solutions, both investigated micas show IN activity in the emulsion freezing
experiments. This might be due to adsorption of NH3 /NH4+ on the basal planes increasing the
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number of sites available for hydrogen bonding or due to adsorption at the edges which may
influence the dissolution rate.

5.5 Summary of IN activity of mineral surfaces
5.5.1

Influence of surface properties

Table 5.3 summarizes the IN activity of the minerals investigated in this study together with
results of microcline from Part 1 (Kumar et al., 2018a) and quartz results from Part 2 (Kumar et
al., 2018b) and relates them to selected surface properties of the investigated minerals, namely the
prevalent surface groups, the dissolution rates at near neutral conditions and the PZC.
Isomorphic substitution of Si(IV) for Al(III) in aluminosilicates imparts them a net permanent
negative surface charge. In addition, non-permanent, pH-dependent surface charge may arise from
protonation/deprotonation of surface hydroxyl groups. Although all investigated minerals possess
hydroxylated surfaces, which are generally thought to promote IN (Hu and Michaelides, 2007;
Sosso et al., 2016a; Glatz and Sarupria, 2018), not all of them proved to be IN active in our
emulsion freezing experiments. Namely, the gibbsite and mica (muscovite and biotite) samples
did not show any heterogeneous freezing signal in pure water. Zeta potential measurements of
these minerals show that the hydroxylated edges of muscovite and the surface of gibbsite carry a
positive charge at neutral conditions due to protonation of aluminol groups (see Table 5.3). This
is in contrast to the surfaces of quartz, feldspars and the hydroxylated edges of kaolinite, which all
carry negative charge at neutral conditions due to partial deprotonation of the silanol groups.
Thus, positively charged (due to protonation) hydroxylated surfaces have a tendency to be IN
inactive, while negatively charged surfaces tend to be IN active. However, long-term aged quartz
surfaces (7 months; see Kumar et al. (2018b)) show hardly any IN activity while milled quartz
surfaces are highly IN active, although the quartz surface is in both cases negatively charged and
highly hydroxylated (Turci et al., 2016). On the other hand, AgI (Edwards and Evans, 1962;
Marcolli et al., 2016) and sapphire (Abdelmonem et al., 2017) show the highest IN activity close
to the point of zero charge.
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Figure 5.9: Annotated summary: heterogeneous IN onset temperatures, Thet , of various mineral
dusts (2 – 10 wt%) as function of water activity in NH3, (NH4)2SO4 and Na2SO4 solutions (colorcoded) for aw = 1.0 – 0.92. (a) Results for microcline from Kumar et al. (2018a). (b)-(g)
Feldspars, kaolinite, micas and gibbsite investigated in the present study. (h) Results for quartz
from Kumar et al. (2018b). Dash-dotted black lines: ice melting point curves. Dotted black lines:
homogeneous ice freezing curves for supercooled aqueous solutions. Solid black lines: expected
heterogeneous freezing curves, if the presence of solutes did not change the mineral surface
ℎ𝑒𝑒𝑒𝑒
properties. Lines result by horizontally shifting from the ice melting curve by a constant ∆𝑎𝑎𝑤𝑤
emanating from the heterogeneous freezing temperatures of the suspensions of the minerals in
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
pure water (at aw = 1). Specifically, ∆𝑎𝑎𝑤𝑤
= 0.296, ∆𝑎𝑎𝑤𝑤
= 0.264, ∆𝑎𝑎𝑤𝑤
=
𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞

𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘
= 0.272, ∆𝑎𝑎𝑤𝑤
0.254, ∆𝑎𝑎𝑤𝑤

= 0.221.
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Table 5.3: IN activities in terms of Thet and Fhet together with surface properties of minerals
investigated in this study at near neutral conditions (representative for pure water), microcline
from Kumar et al. (2018a) and quartz from Kumar et al. (2018b).
Mineral
Feldspars

Surface
functional groups
at neutral conditions
Si-O-Si, Si-O-Al, SiOH-Al, Si-OH, Si- O‒,
Al-OH, Al-OH2+ [ref a]

Microcline
(K-feldspar)

Basal
Si face

Si-O-Si [ref b]

< 4 [refs
k, l]

Basel
Al face

Al-OH1/2‒, Al-OH21/2+,
Al2-OH [ref c]

6 – 8
[refs k, l]

Edges

Si-O‒, Si-OH, Al-OH,
Al-O‒, Al-OH2+, Al(OH)2 [refs c, d]

< 4 [refs
k, m]

Muscovite (mica)

Edges

Si-OH, SiAl-O1/2-, Al2OH, Al-OH1/2-, AlOH21/2+ [ref e]

Gibbsite

Al-OH1/2‒, Al-OH21/2+,
Al2-OH
[ref f]

Quartz

Si-O‒, Si-OH, Si-(OH)2,
Si-(OH)O‒ [ref g]

252.1

0.74

~2⋅10-13
at pH ~6 [ref p]

2

241.2

0.42

10-12
10-11
at pH ~8 [ref q]

2

242.8

0.65

10-14
–
10-13
at pH ~7 [refs r, s]

5

240.3

0.52

10-13
–
10-12
at pH ~6 [refs t,
u]

10

n/a

n/a

10-14
–
10-13
at pH ~7 [ref v]

10

n/a

n/a

1-9

Milled:
247-251

0.7 –
0.92

4 ⋅10-14 – 8⋅10-14
at pH ~6 [ref p]

< 2 [ref i]

Si-O-Si, Al-O-Si [ref e]

2

< 2 [ref
h]

Kaolinite (clay mineral)

Basal
face

Fhet
pure
water

Dissolution
rate (moles
Si m-2 s-1)

Sanidine
(K-feldspar)
Andesine
(Na/Cafeldspar)

Thet (K)
pure
water

pH
of PZC

< 4 [refs
l, n]

Suspension
concentration
(wt%)

7 – 8
[refs l, n]
7.5
–
11.3
[ref o]

2
[ref h]

10-13
–
10-12
at pH ~7 [refs w,
x]

5

Longterm
aged:
~239 K

~0.1

a: Teng et al., (2001); b: Schoonheydt and Johnston, (2006); c: Brady et al., (1996); d: Liu et al., (2013); e:
Yan et al., (2011); f: Hiemstra et al., (1999); g: Liu et al., (2014) ; h: Vidyadhar and Hanumantha Rao,
(2007); i: Karagüzel et al., (2005); k: Gupta and Miller, (2010); l: Kumar et al., (2017); m: Liu et al.,
(2014); n: Zhao et al., (2008); o: Kosmulski, (2009); p : Crundwell, (2015); q : Gudbrandsson et al.,
(2014); r : Carroll and Walther, (1990); s: Huertas et al., (1999); t: Brady and Walther, (1989); u: Lammers
et al., (2017); v: Dietzel and Böhme, (2005); w: Brady and Walther, (1990); x: Berger et al. (1994);
n/a: no Thet and Fhet can be reported due to the absence of a discernible heterogeneous freezing signal in the
emulsion freezing experiments
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Conversely, pyroelectric LiTaO3 and SrTiO3 promote IN when their surfaces are positively
charged (Ehre et al., 2010). This shows that the OH-surface density together with the surface
charge are not sufficient to predict IN activity.

5.5.2

Dissolution and growth in pure water

Our emulsion freezing experiments revealed IN activity of all investigated feldspars when
suspended in pure water albeit with different Thet and Fhet. The investigated feldspars carry a
negative surface charge and exhibit similar chemical compositions although with different Si:Al
ratios and Si/Al ordering, which both influence the dissolution rate: measurements show that low
Si/Al order and a low Si:Al ratio both increase the dissolution rate. The initial dissolution of most
feldspars is incongruent with preferential dissolution of aluminum, resulting in a Si-rich
amorphous layer. We hypothesize that the surface remains well-ordered over a longer period of
time for microcline due to its lowest dissolution rate (compared to the other investigated
feldspars). Indeed, in our emulsion freezing experiments on microcline suspension (2 wt%) in
pure water which was aged for 6 months showed no significant change in IN efficiency (Thet and
Fhet of the aged sample is 251.4 K and 0.71, respectively; see Fig. S15, Supplementary Material)
compared to a fresh sample. This implies that the high initial IN activity of microcline degrades
only slowly within days or months (Kumar et al., 2018a). Peckhaus et al. (2016) observed a
decrease in IN activity by 2 K for a K-feldspar over a time span of 5 months. The IN activity of
the sanidine and andesine samples may be lower than the one of microcline because their surface
degradation is relevant already during the first DSC freezing cycles due to their higher dissolution
rates. Hydrogen bonding to the feldspar surface is a prerequisite to arrange water molecules in a
suitable configuration for IN, but at the same time, it is the first step to the disintegration of the
feldspar surface. Feldspar dissolution occurs via protonation of Al–O–Si bridges followed by
removal of Al3+ and protonation of the dangling bonds resulting in a silanol-rich surface. As the
dissolution proceeds, the Al-depleted Si-layer becomes thicker and more amorphous-like.
The IN ability of quartz and amorphous silica is highly variable from IN inactive to very active.
When the surface of milled quartz grows or dissolves, active sites are lost and the IN activity
decreases (Kumar et al., 2018b). Under growth conditions, i.e. when the dissolved Si
concentration exceeds the saturation concentration with respect to quartz, a siliceous layer forms
on the quartz surface within about a day, that hampers the IN activity of quartz. When this layer is
washed away with pure water after several days of aging, the IN activity is restored. On
timescales of months, quartz slowly grows within this layer resulting in an intact, grown quartz
surface that is barely IN active. This suggests that the IN activity of silica mainly stems from
activation through grinding and is absent in regular, grown quartz surfaces. We ascribe the
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absence of IN on the highly hydroxylated grown quartz surface to networks of interconnected
hydrogen bonds that are too strong to be disrupted by water molecules. This implies that for a
hydroxylated surface to be IN active the hydrogen bonds must be available for bonding to water
molecules in order to direct them into an ice-like pattern.

5.5.3

Influence of solutes

Figure 5.9 reviews the influence of solutes on the heterogeneous IN onset temperatures of the
investigated aluminosilicates and quartz. The presence of NH3/NH+
4 in the suspensions increases

Thet of all investigated feldspars and kaolinite (Figure 5.9, point 1). Moreover, it provides IN

activity to the investigated micas and gibbsite, which showed no IN activity in our emulsion
freezing experiments performed in pure water (Figure 5.9, point 4). The increase in Thet of
kaolinite with no exchangeable cations confirms the findings from Kumar et al. (2018a), that the
enhanced IN activity in the presence of NH3/NH4+ is not due to ion exchange of NH+
4 with the
native cations, but stems from the adsorption of NH3/NH4+ on the mineral surface. Water

molecules can form hydrogen bonds with NH groups of adsorbed NH3/NH+
4 that may promote
their arrangement into an ice-like pattern. Moreover, this adsorption can decrease the feldspar
dissolution by stabilizing the surface. While NH3/NH+
4 also interact with silica surfaces, these

interactions do not lead to an increase in Thet. Rather, a decrease is observed in the presence of
NH3 due to the enhanced dissolution of quartz under alkaline conditions (Figure 5.9, point 5).
The alkali salt Na2SO4 strongly decreases the IN activity of feldspars (Figure 5.9, point 2) but
does not influence that of kaolinite (Figure 5.9, point 3). This indicates that alkali ions influence
the IN activity of feldspars through ion exchange, which does not take place in kaolinite.
Dissolved Na+ may take the positions of the protons on the surface and thus impede IN. This
shows that the replacement of the charge balancing cations with protons taking place in pure
water is crucial for the IN activity of feldspars.

5.5.4

Influence of milling

Milling increases the IN activity of quartz (Figure 5.9, point 6), while the growth of an intact
quartz layer on top of the milled quartz surface strongly hampers it (Figure 5.9, point 7). The
influence of milling on the IN efficiency of various mineral surfaces has recently garnered
attention. Milling leads to an increase in surface irregularities and defects which may lead to
changes in the abundance and distribution of surface functional groups. These changes, in general,
enhance IN efficiency but the enhancement depends on the type of mineral surface. Zolles et al.
(2015) showed that additional milling of K-feldspar leads to only a slight increase in its high IN
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efficiency. Milling increased the already high IN activity of a dust sample ground collected in
Antarctica (48 % feldspars, 24 % quartz) investigated by Kaufmann et al. (2016). We ascribe the
high IN activity of the sieved sample to the presence of the feldspars, whereas an additional
increase after milling is most likely due to activation of the quartz component. Together with the
finding that K-feldspars aged in pure water over months (see Section S6 on 6 months aging of
microcline in Supplementary Material to this study; also see 5 months aging experiments from
Peckhaus et al. (2016) on feldspars) kept their IN activity, we conclude that milling is not a
prerequisite for the IN activity of feldspars. Boose et al. (2016b) found a slightly higher active site
density of the milled fraction of their Atacama dust sample (65 % feldspars, 10 % quartz)
compared with the sieved fraction (51 % feldspars, 16 % quartz). On the other hand, they
observed a decreased IN activity of their Israel dust sample after milling (80 % calcite, 6 %
quartz) compared with the sieved fraction (67 % calcite, 7 % quartz). A natural quartz sample
from Zolles et al. (2015) showed a very strong enhancement in IN efficiency due to milling.
Moreover, milled samples from Boose et al. (2016b) collected in Australia and Morocco, which
primarily consisted of quartz showed a very high IN activity, corroborating our results on quartz
and amorphous silica in the companion paper Kumar et al. (2018b). It seems likely that milling is
the primary reason for the IN activity of quartz. A natural process, closest to milling, would be
dry erosion, yet, it is unclear whether the forces exerted by fracturing during erosion are sufficient
to generate similar defects as milling.

5.6 Conclusions and atmospheric implications
Immersion freezing experiments with aluminosilicates, viz. feldspars, kaolinite, micas and
gibbsite suspended in solutions containing various inorganic solutes have shown that
modifications of the mineral surfaces in the presence of water and solutes influence their IN
activity. Together with the results from Part 1 of this paper series (Kumar et al., 2018a), we show
that feldspars and kaolinite exhibit a general enhancement in the heterogeneous freezing onset
temperatures in the presence of dilute NH3 or NH+
4 -solutions, whereas a strong decrease at higher
solute concentrations is a specific feature of microcline.

The interaction of water with mineral surfaces is complex and manifold. It depends not only on
the type of mineral but also on the exposure time of the surfaces to water and solutes. Factors
influencing the IN ability of aluminosilicate surfaces are: adsorption and ion exchange with solute
molecules, influencing the density of OH and NH groups which provide sites for hydrogen
bonding with water molecules, permanent and pH-dependent surface charge influencing the
orientation of water molecules, and surface changes generated by the slow dissolution of the
minerals.
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For an improved understanding of IN, the specific surface properties of each mineral and the
processes modifying the mineral surfaces in water and aqueous solutions need to be investigated
by experimental surface techniques. In addition, molecular dynamics simulations of IN may
contribute to clarifying these processes, but only if interactions of the mineral surface with water
e.g. surface ion exchange, protonation/deprotonation of the surface and slow dissolution are taken
into account.
Aluminosilicates constitute the majority of airborne mineral dust. Dust particles can be exposed to
reactive gases like NH3 or SO2 during long-range transport, resulting in a coating and surface
modification (Sullivan et al., 2007; Kolb et al., 2010; Fitzgerald et al., 2015). The modifications
introduced by chemical coatings depend on the particle mineralogy, transport pathway and
exposure duration (Matsuki et al., 2005b; Sullivan et al., 2007; Rodríguez et al., 2011). Our
results suggest that the IN activity of dust aerosols does not only depend on their composition, but
also on their chemical exposure history. In Part 1 (Kumar et al., 2018a) we discussed in great
detail the fate of microcline in atmospheric solution droplets (especially (NH4)2SO4 and H2SO4)
following various atmospheric air parcel trajectories with increasing moisture. This discussion is
applicable to the aluminosilicates shown in this study and hence can be easily extended. A coating
of aqueous (NH4)2SO4 solution can indeed enhance the IN efficiency of aluminosilicates in the
condensation mode, but only when sulfuric acid and ammonia are deposited concomitantly.
Aluminosilicates, especially feldspars, are sensitive to highly acidic conditions due to enhanced
dissolution. This might hamper their relevance in case of long-range transport when they are
exposed to acidic air masses (e.g. acquiring sulfuric acid coating prior to neutralization by
ammonia). Also, the relevance of quartz particles as atmospheric INP is uncertain. To assess the
IN activity of naturally eroded quartz, IN experiments need to be carried with quartz-rich natural
dust samples that are just sieved and not milled.

5.7 Data availability
The data for freshly prepared sanidine, andesine and kaolinite suspensions in water or aqueous
solutions (Figure 5.2 and Figure 5.3) and aging tests on kaolinite (Figure 5.8) presented in this
publication are available at the following repository https://doi.org/10.3929/ethz-b-000260067.

5.8 Supplementary data
The supplementary data related to this chapter is available online at the following DOI:
10.3929/ethz-b-000262184.
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6.1 Conclusions
Until recently, most of the IN studies have focused on evaluating IN efficiencies of bare mineral
surfaces, but INP-solute interactions could have far-reaching atmospheric relevance since
transported mineral dust surfaces may be altered due to atmospheric aging. This thesis
investigates the effects of several inorganic solutes (with concentrations corresponding to a water
activity range aw = 0.9 – 1.0) on the IN efficiency of various mineral dust particles in immersion
freezing mode. The investigated particles were pure minerals namely aluminosilicates (Kfeldspars, (Na, Ca)-feldspar, kaolinite, micas) and silicas (quartz and amorphous) as well as
gibbsite (aluminum hydroxide). These minerals were chosen based on the fact that mineral dust is
a major class of INPs and constituted mainly of silicates. The results were analyzed in terms of
the onset temperature of the heterogeneous freezing signal Thet and the heterogeneously frozen
fraction Fhet. The temperature regime probed in our experiments is relevant for cirrus and mixed
phase clouds where the liquid phase is present before ice crystal formation.

6.1.1

Validity of water- activity-based approach for immersion freezing

Koop et al. (2000) have shown that homogeneous IN of solution droplets, containing a variety of
solutes, does not depend on the nature of the solute but just on the water activity (aw) of the
solution. They showed that the melting curve can be shifted by a constant offset (Δaw) to describe
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the homogeneous IN temperatures of solution droplets and termed the constant offset condition as
the “water-activity criterion”. Since then, several studies have probed the applicability of the
“water-activity criterion” to heterogeneous IN temperatures of various types of INPs in
immersion mode with the underpinning assumption that the solute does not affect the foreign
surface. They showed that the trends for heterogeneous onset temperatures for several types of
INPs could be predicted by the water-activity-based description within experimental errors. Knopf
and Alpert (2013) termed this approach as the “𝑎𝑎𝑤𝑤 -based immersion freezing model (ABIFM)”.

In this thesis, the Thet for aluminosilicates like feldspars and kaolinite showed strong deviations
from the ABIFM predictions, while Thet for quartz (crystalline form of silica) approximately
followed ABIFM predictions for most solute cases except ammonia and sodium hydroxide.
However, quartz showed an enhancement (compared to suspensions in pure water) in Fhet in the
presence of (NH4)2SO4, NH4HSO4 and Na2SO4, implying that the compliance with the wateractivity-based description does not necessarily imply constant Fhet. This indicates specific
interactions between mineral surfaces and the solutes. Even though several studies in the past
have confirmed the ABIFM predictions for various types of INPs, one needs to be careful in
generalizing the applicability of this description.

6.1.2

IN efficiency in dilute ammonia/ammonium solutions

Overall IN efficiencies (both Thet and Fhet) of feldspars and kaolinite were enhanced (compared to
suspensions in pure water) in the presence of dilute concentrations of ammonia and ammonium
salts. In addition, micas and gibbsite which showed no discernible heterogeneous freezing signal
in pure water, developed weak IN activity in the presence of ammonia. Ammonia can make
hydrogen bonds with surface hydroxyl groups in aluminosilicates and provide an abundant
number of protons facing towards the bulk water allowing water molecules to orient with the
protons facing the bulk. This might be the reason why ammonia is able to improve the IN
efficiency of active sites on aluminosilicates and even to create new active sites and thus to
increase the overall number of active sites.
On the other hand, quartz showed slightly enhanced Fhet in the presence of ammonium salts only.
For dilute solutions of NH3 (molalities <~ 0.5 mol kg-1), Thet is actually lowered by ~4 K. This
indicates that interactions between ammonia and the quartz surface are present, but they do not
enhance the overall IN efficiency (Thet and Fhet) of quartz, unlike the IN activity trends of
aluminosilicates. We ascribe this to the increased solubility of quartz under alkaline conditions
which accelerates the buildup of a fresh surface and the loss of defects relevant for the IN activity.
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6.1.3

IN efficiency in non-ammonium solutions and severe pH conditions

In pure water, the native charge-balancing surface cations (K+/Na+/Ca2+) in feldspars immediately
undergo cation-exchange by H+/H3O+. It has been previously suggested by Zolles et al. (2015)
that the superior IN efficiency of K-feldspars may be related to the kosmotropic (structure
making) characteristic of K+ in the surface layer of microcline. However, strong hampering of IN
efficiency of all feldspars in salt solutions containing K+ and/or Na+ was observed in this study.
For instance, addition of KCl decreases Fhet of microcline even at the lowest concentration of
7x10-5 molal. Therefore, the experiments performed here do not confirm the hypothesis put
forward by Zolles et al. (2015). Rather, the surface cation-exchange in pure water seems to be
essential for the IN activity of feldspars. In kaolinite, the lack of exchangeable cations in the
crystal lattice explains why the IN activity is insensitive to the presence of alkali salts.
In addition, severe pH conditions have a strong negative impact on IN efficiency due to increased
dissolution of the mineral surface (e.g. feldspars being sensitive to severe acidic/alkaline
conditions; quartz being sensitive to alkaline conditions).

6.1.4

Reversible and irreversible interactions

Aluminosilicates, when suspended in pure water or aqueous solutions, can undergo various types
of

interactions,

ranging

from

surface

cation

exchange

(in

case

of

feldspars),

protonation/deprotonation of surface aluminol (≡Al–OH) and silanol (≡Si–OH) groups (in
different pH regimes), attack on connecting oxygen atoms in ≡Al–O–Si≡ bridges or hydrogen
bonding of externally added species (e.g. ammonium) with surface –OH groups. Silicas provide
only silanols and siloxane (≡Si–O–Si≡) groups for interactions. The dissolution of minerals in
acidic and alkaline solutions occurs due to preferential attack of H+/OH- on such sites leading to
surface disruption.
Such interactions seem to have varied effects on the IN efficiency of minerals over a time period
of few days. In general, it was observed that the IN efficiency of a mineral was hampered when
exposed to pH conditions where the dissolution rate of the concerned mineral becomes relevant
over the timescales of aging (e.g. microcline suspended in sulfuric acid; quartz suspended in
dilute sodium hydroxide). The damage done to the surface due to dissolution was irreversible
since the mineral exposed to severe pH conditions could not regain its IN efficiency after being
washed and resuspended in water. For instance, the loss of IN efficiency of microcline in
concentrated (NH4)2SO4 (10 wt%; pH 5.5) and K2SO4 (0.5 wt%; pH 8.4) was largely reversible
corroborated by the fact that the dissolution of feldspars is slowest at neutral or near neutral
conditions (pH 3 – 8). Similarly, the IN activity of quartz was maintained over the whole aging
period in case of NH4HSO4 (0.5 wt%, pH 1.5), given that quartz barely undergoes dissolution in
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acidic conditions. Interestingly, quartz grows in highly alkaline condition over a period of time
which also leads to irreversible loss of IN activity. Therefore, it is suggested that the
reversible/irreversible loss of IN activity is related to the pH dependence of the dissolution/growth
rate of minerals.

6.1.5

Role of defects

Defects have often been suspected to play a crucial role in heterogeneous IN. Our experiments
confirmed this in the case of silica surfaces. Quartz particles, which originated from milling
coarse samples, showed a strong heterogeneous freezing signal. However, when these particles
were aged for 7 months in pure water in a glass vial the IN activity almost disappeared completely
because during this time a regular quartz surface slowly grew by incorporating silicic acid leached
from the glass vial. Conversely, the synthesized amorphous silica samples showed no discernable
heterogeneous freezing signal unless they were milled. This shows that defects provide IN activity
to silica surfaces, whereas the IN activity of a natural quartz surface is negligible, when it grew
under near-equilibrium conditions. The growth of a regular quartz surface with hardly any defects
was also the reason for the irreversible loss of IN activity when quartz particles were suspended
under alkaline conditions in a glass vial. Conversely, when the quartz particles were suspended in
polypropylene tubes, the dissolution of quartz led to the loss of IN activity, presumably due to the
loss of defects.

6.1.6

Role of surface charge

Isomorphic substitution of Si(IV) for Al(III) in aluminosilicates imparts them a net permanent
negative surface charge. While a non-permanent, pH-dependent surface charge arises from
protonation/deprotonation of surface hydroxyl groups. The PZC of micas and gibbsite show that
their hydroxylated surfaces carry a positive charge at neutral conditions due to protonation of
aluminol groups. This is in contrast to the surfaces of quartz, feldspars and the hydroxylated edges
of kaolinite which all carry negative charge at neutral conditions due to partial deprotonation of
the silanol groups. Thus, negatively charged (induced due to deprotonation), hydroxylated
surfaces seem to be more IN active than positively charged ones in the emulsion freezing
experiments. This finding is contrary to observations that surfaces show the highest IN activities
close to the point of zero charge (e.g. AgI). The effect is completely opposite in the case of
pyroelectric LiTaO3 and SrTiO3 which promote IN when their surfaces are positively charged. In
addition, the grown quartz surfaces which are also negatively charged, have a negligible IN
activity. This shows that surface charge alone is not a reliable predictor of IN activity.
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6.2 Outlook
The current study provides insight into the modifications of mineral surfaces due to interactions
with a variety, yet not comprehensive list of inorganic compounds. There are several other
atmospherically relevant inorganic chemical species such as ozone and oxides of nitrogen and
sulfur which can potentially alter the IN efficiency of transported mineral dust. Mineral surface
interactions with organic compounds such as carbonyl compounds and carboxylic acids should
also be included to assess atmospheric aging of particles.
Depending on the origin, desert dusts contain Ca-rich particles, which have been reported to be
inefficient INPs. Their interactions with ammoniated solutions could expand our understanding of
how general is the enhancing effect of ammonia on IN efficiency of such particles.
The effect of surface charge on IN efficiency of dust particles is an on-going research topic. The
topic was investigated in this thesis as well. This study shows that negatively charged (induced
due to deprotonation) hydroxylated surfaces seem to be better at IN than positively charged ones.
But surface charge is only one among several properties that influence IN activity and needs to be
investigated further.
The immersion freezing experiments performed in this study have a timescale of 60-90 min. In
certain mineral cases, chemical-exposure time proved to be an important factor in altering the IN
efficiency of the particles. Therefore, it would be worthwhile to investigate the effects of chemical
species on IN efficiency of dust particles in other freezing modes as well, e.g. diffusion chamber
studies (in condensation, deposition or contact freezing modes) where particle residence
timescales are seconds.
Molecular dynamics simulations on IN should also consider interactions of the mineral surface
with water viz. surface ion exchange, protonation/deprotonation of surface –OH groups and slow
dissolution. In the light of recent laboratory and field studies on dust aerosol processing, it is
imperative to consider such interactions in IN efficiency predictions.
Lastly, it would also be interesting to investigate the effects of solutes on the IN efficiency of
natural dust samples and correlating the trends with the results and discussion presented in this
thesis. Since natural dust is typically a mixture of various minerals, this approach might provide
an understanding of which mineral-solute interactions determines the overall IN efficiency of dust
particles.
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7.1 Alternative techniques for droplet generation
Established sample preparation techniques for freezing experiments include (Zobrist et al., 2006;
Zobrist et al., 2008; Pinti et al., 2012; Kaufmann et al., 2016; Kaufmann et al., 2017):
a) Emulsified INP suspensions consisting of a large number of micrometer-sized aqueous
droplets that contain none to a thousand or more particles depending on the concentration
of the suspension and the size of the droplet. Since the droplets of an emulsion freeze all
independently, this type of experiment is sensitive to the freezing behavior of average
dust particles.
b) Bulk experiments (with volumes corresponding to droplet diameter of ≈ 1 mm) allow to
observe the freezing of the best IN, since the first nucleation event causes the freezing of
the whole sample.
The ideal method for characterization of INP samples should cover the temperature range 236 –
273 K, by varying the droplet size and the concentration of the suspension that is used to prepare
the droplets. The IN active surface area present in each droplet should be known. The abovedescribed methods (a) and (b) fulfill these conditions only partly, viz, emulsion tests are not very
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reliable for weakly ice nucleating minerals (due to the overlap of the heterogeneous and
homogeneous freezing signals) and the surface area present in the droplet is not well constrained
because droplets in an emulsion are polydisperse; and bulk droplet freezing tests cannot access
freezing temperatures below 250 K (due to freezing of the “pure” water droplets on random
impurities hard to remove). In order to access the temperature regime close to homogeneous
freezing, individual droplets with low and known volume need to be created. We tested two
different types of droplet generation techniques which are discussed in detail here.

7.1.1

Water/Suspension Droplet Preparation: Nanoject II (Drummond Scientific
Instruments)

The Nanoject II requires the use of pipettes (using P-97 Micropipette Puller - Sutter Instrument
Company) pulled from capillary glass tubes (Standard Borosilicate Tubing, outer dia 1.15 mm/
inner dia 0.53 mm/ length 89 mm) to dispense the droplets. Ideally, the finished tip size should be
10 - 30 microns in diameter. The capillary glass has a softening point of 780 ˚C. After pulling the
pipette, the tip can be twisted off with forceps to attain the proper opening size.
Micropipette fabrication (using P-97 Micropipette Puller): This instrument allows to clamp and
pull a glass capillary tube from both ends while applying heat at the center of the tube (Figure
7.1). Two types of pipettes can be prepared using this instrument. Patch pipettes used for the
electrophysiological recording technique of “patch clamping” are characterized by a short, stubby
shank and relatively large tip diameter (> 0.7 mm). While micropipette needles, for microinjection
purposes, have very thin, long shank with tip diameters of typically few tens of micrometer
(Figure 7.2). We fabricate micropipettes to dispense volumes in the nanoliter scale.

Figure 7.1: (a) Image of P-97 Micropipette Puller; (b) positioning of a capillary glass tube
placed in the filament box ready to create a pipette.
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Several parameters dictate the fabrication of a proper pipette. Heat (provided by the heating
filament), pull force (force with which the two ends of the capillary tube are pulled), pull velocity
(velocity of the glass carriage system as the softened glass begins to pull apart under a constant
load) and delay span (a cooling mode which controls the delay time between when the heat turns
off and when the hard pull is activated). The higher the delay value, the cooler the glass will be
when the hard pull is executed, thus decreasing the taper length and increasing the tip diameter.
These parameters can be adjusted/programmed to obtain the required micropipette tip size and
shape. One of the programs used in this study is: Heat – ramp, Pull – 150, Velocity – 75, Delay –
90, Pressure – 200. It is just a starting point and the parameters can be adjusted to suit one’s needs
(refer to instrument operating manual and pipette cook book for more detailed description). The
tip size can be further adjusted by carefully clipping it using a sharp scalpel under a microscope.

Figure 7.2: Images of pipette shapes right after preparation using P-97 Micropipette Puller, (a)
pipette with short taper and 2 – 3 µm tip; (b) micropipette with long taper and 0.5 – 0.7 µm tip.
The tip size was further adjusted by carefully clipping it using a sharp scalpel under a
microscope.

Backfilling: Once the tips (one end as dispensing tip and the other as back-end) are pulled, they
must be "backfilled" with mineral oil through the back-end before attaching to the injector.
Backfilling is facilitated by using a 30G x 2" needle and a syringe (Figure 7.3). Nanoject requires
the use of positive displacement pipettes where the piston is in direct contact with the liquid with
no air interface in between. Direct contact enhances accuracy and precision for liquids which are
too heavy or too viscous to be displaced by air. Backfilling needs to be done carefully to avoid
introduction of any air bubbles in the pipette. Presence of air bubbles can introduce errors in
dispensed volume.
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Figure 7.3: Schematic showing backfilling of a pipette through the back-end with mineral oil
using a 30G x 2" needle and a syringe.

Droplet generation: Droplets with volumes of 2.3 – 69 nl (size range 164 – 508 µm) can be
prepared with the microinjector Nanoject II. The pipette backfilled with oil is placed in the collet
so that the piston is in contact with the oil. Some oil is first dispensed by pushing the piston down
the pipette. At this point the pipette is ready to fill and dispense aqueous phase. The pipette tip is
then dipped in the aqueous phase. The pipette is filled by pulling the piston upwards. Single or
multiple droplets are created under a layer of mineral oil inside an aluminum pan using Nanoject
II volume manipulator (Figure 7.4). Water being denser than mineral oil allows the droplet to
stay submerged in oil and minimize evaporation.

Figure 7.4: (a) Image of Nanoject II instrument; (b) droplets created under a layer of
mineral oil inside an aluminum pan using Nanoject II.

Droplet freezing evaluation: Single pure water droplets with varying volume (2.3 – 414 nl,
corresponding diameter 164 – 925 µm) created via Nanoject II were tested with the differential
scanning calorimeter. Multiple freezing cycles were run at a cooling rate of 10 K min-1. Freezing
temperatures were obtained by evaluating the onset of the freezing signal in the DSC curve.
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Preliminary test results (Figure 7.5) show that the freezing temperature lies within the range 241 245 K (as compared to bulk freezing experiments with pure water freezing occurring usually
around 250 K in Kaufmann et al. (2016)). For droplet volumes corresponding to diameters ≤ 500
nm, freezing occurred at T < 240 K. Ideally, we would like to achieve droplets with a lower
volume so that we observe pure water droplets freezing around 236 K, which would help us to test
certain mineral dusts with freezing onset below 240 K. For known droplet volume and suspension
concentration, the mass of IN sample present in a droplet can be calculated and transformed into
heterogeneous surface present per droplet using BET surface areas determined for each sample.
Larger droplets, when left in the pan submerged in oil, tend to settle to the bottom of the pan and
burst into several smaller droplets in a matter of few minutes. This is due to the fact that settling
velocity is proportional to the square of the droplet diameter, therefore larger droplets settle faster.
This phenomenon was accelerated when dust containing droplets (Arizona Test Dust) were
prepared. Therefore, no freezing experiments were performed with droplets containing dust
particles.

Figure 7.5: Freezing onset temperatures of pure water droplets (prepared via Nanoject II) of
different diameters, evaluated over multiple freezing cycles at 10 K min-1.

7.1.2

Water/Suspension Droplet Preparation: Droplet-based microfluidic device

Microfluidics involves studying flow of liquids inside micrometer-sized channels. Droplet-based
microfluidic systems focus on creating discrete volumes with the use of immiscible phases (e. g.
water-oil). Highly monodisperse droplets in the nanometer to micrometer diameter range can be
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produced at rates of up to twenty thousand per second. Microfluidic devices are typically
fabricated using poly-dimethyl siloxane (PDMS), which is a relatively inexpensive and easily
moldable elastomeric polymer. The droplets can be transferred to a cooling stage coupled with a
microscope and a camera to observe freezing. The large number of monodisperse droplets allows
improved statistical analysis and the assumption that each droplet holds approximately the same
amount of particles making a more quantitative evaluation feasible (in comparison to polydisperse
droplet size distributions in emulsions).
Droplet generation: T-junction (used in this study) and flow-focusing are two methods that
depend on channel geometry to control the generation of droplets. In the T-junction configuration,
the inlet channel containing the dispersed phase (water/suspension) perpendicularly intersects the
main channel which contains the continuous phase (oil) (Figure 7.6, panel (a)). The two phases
form an interface at the junction, and as the fluid flow continues, the tip of the dispersed phase
enters the main channel. The shear forces generated by the continuous phase and the resulting
pressure gradient cause the head of the dispersed phase to elongate into the main channel until the
neck of the dispersed phase thins and eventually breaks off as a droplet. Repetition of this process
generates a stream of droplets. The size of the droplets can be modified by altering the fluid flow
rates, the channel widths, or by changing the relative viscosity between the two phases. The size
of the droplets can be decreased by increasing the flow rate of the continuous phase (which also
increases the frequency of droplet generation). We used pure water and kaolinite (KGa-1b, 0.05
wt%) suspensions to create droplets of 35 – 50 µm in diameter (Figure 7.6, panel (b)). Two
different types of continuous phases were used viz. fluorinated oil and lanolin (5 wt%)/mineral oil
(95 wt%) mixture. Droplet generation is monitored under a microscope coupled with a camera
(with a high frame rate). The droplet generation and monitoring was carried out at the Department
of Chemistry and Applied Biosciences, ETHZ with the assistance of Dr. Xavier Casadevall i
Solvas.

Figure 7.6: (a) Snapshot of T-junction of a microfluidic droplet generation device; (b) water
droplets (~35 µm in diameter) generated via microfluidic device collected in a matrix of
fluorinated oil.
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Droplet collection/storage: A microfluidic chip is a set of micro-channels etched or molded into a
material (commonly PDMS via soft lithography). This network of micro-channels within the
microfluidic chip is connected to the outside by inputs (droplet supply in) and outputs (excess
sample outlet) pierced through the chip. In this study, we used 2 types of collection methods viz.
a) PDMS channels (height ~50 µm) with evenly spaced spherical pockets of size ~50 µm; b) polycarbonate well-type collection chip (height ~100 µm).
Droplet stability as a function of time:
PDMS channels: Water-in-oil droplets of ~50 µm diameter, generated using the T-junction, were
collected in the slotted channel. The size of the droplets was monitored over time (typical time
spans for single freezing experiments: ≤ 1 h). There was a strong reduction in the size of droplets
in a matter of few minutes and almost complete vanishing within 20 minutes (in both cases where
droplets were dispersed in fluorinated oil (Figure 7.7) and lanolin/mineral oil mixture (Figure
7.8) as continuous phase). The network polymer structure of PDMS, even though hydrophobic,
makes it highly permeable relative to other materials. Diffusion of water vapor through PDMS
has been observed and described before (Baltussen et al., 1999). This interaction between the
aqueous phase and PDMS channel walls can lead to changes in particle/solute (if any)
concentration in the droplets. But more importantly, this effect hampers running freezing cycles
over longer time spans. Several researchers have been looking into modifying PDMS surfaces to
avoid absorption as well as alternatives to PDMS (Lee et al., 2003; Hu et al., 2004; Eddington et
al., 2006). Crosslinking agents and zeolite filler have been incorporated into PDMS in order to
reduce water evaporation (Bennett et al., 1997; Chang et al., 2003).

Figure 7.7: Stability of water droplets (~50 µm diameter) as a function of time, in a matrix of
fluorinated oil trapped in the slotted PDMS channels, (a) right after generation, at t = t0; (b) at t
= (t0 + 18) min.
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Figure 7.8: Stability of water droplets (~50 µm diameter) as a function of time, in a matrix of
lanolin/mineral oil trapped in the slotted PDMS channels, (a) right after generation, at t = t0; (b)
at t = (t0 + 20) min.

To check the stability of droplets not directly in contact with the channel walls, another set of
water droplets was collected in a pool of oil at the end of the slotted channel. The water droplets
generated in lanolin/mineral oil mixture started to merge, resulting in a polydisperse droplet size
distribution (Figure 7.9). In addition, the droplets moved around inside the pool which makes it
impossible to track the freezing of individual droplets under the cooling stage-microscope setup.

Figure 7.9: Stability of water droplets (polydisperse size distribution) as a function of time, in a
pool of lanolin/mineral oil, (a) right after generation, at t = t0; (b) at t = (t0 + 18) min.

Well-type collection chip: A batch of monodisperse droplets in a fluorinated oil matrix were
transported to our laboratory facility in a plastic tubing. The water-in-oil sample was emptied in a
poly-carbonate well-type collection chip which can be directly placed in the cooling stage for
freezing experiments. The chip has a sample storage volume of 0.0025 cm3 with a well
surrounding it which allows excess sample to flow out (Figure 7.10). Filling the chip with a
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water-in-oil sample turns out be a difficult task leading to sample wastage and irreproducibility in
sample preparation.

Figure 7.10: Image of a poly-carbonate well-type collection chip.

7.2 Optical Microscope coupled with a Cooling Stage Setup
To observe time resolved homogeneous and heterogeneous freezing of droplets optically, a
Linkam Cooling Stage (THMS 600) was attached to an optical microscope (Olympus BX40)
(Figure 7.11). The cooling stage can be either used to load larger volume liquid samples using the
THMSQ quartz crucible or to load samples on round, disposable 16 mm diameter glass cover
slips. Samples are placed on a highly polished pure silver heating element to ensure excellent heat
transfer and extremely sensitive temperature measurement. A platinum resistor sensor, accurate to
0.1 °C provides an accurate and stable temperature signal. The stage body is fitted with quick-fit
gas ports so that the sample atmosphere can be controlled by a gas flow and condensation
eradicated by dry nitrogen gas purge. Freezing of droplets can be monitored with either a 50X or a
10X long working distance objective. Optical images of the droplets can be recorded continuously
with a black-and-white standard camera with an acquisition frequency of 25 frames s-1 connected
to an HD recorder. In addition, ice crystal growth can be resolved using a high-speed PCO video
camera.

Figure 7.11: Image of laboratory setup with Linkam Cooling Stage (THMS 600) attached to
an optical microscope (Olympus BX40) together with a black-and-white standard camera.
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Droplets prepared via Nanoject II or the microfluidic setup can be tested on the cooling stage.
Though the sample holder needs to be re-designed to accommodate the samples. Proposed ideas
are: a) two glass cover slips with a spacer; b) glass cover slip with etched indentations (to
accommodate droplets) coated with a hydrophobic layer on top (to avoid wetting of glass).
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