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Abstract

The quantification of the hygroscopic properties of atmospheric aerosols is important to
understand several processes they are involved in, such as clouds formation, their
interaction with solar radiation and the penetration of particles in the human respiratory
track. In addition, the interaction of deposited aerosols with surfaces depends on their
physical state, too; thus, characterizing their phase transitions as a function of their
chemical composition is key to understanding the effects they have on materials (e.g.
printed circuits, cultural heritage artifacts).

In order to investigate the hygroscopic properties of aerosols, an electrical conductance
method in an Aerosol Exposure Chamber was developed for the determination of the
phase transitions of PM,; aerosol samples during relative humidity cycles. The obtained
Deliquescence and Crystallization Relative Humidity (DRH and CRH) were put in
relation with the ionic chemical composition of the analyzed samples: it was found that
seasonal chemical variations result in seasonal trends for DRH and CRH, too. The
implications of these results for Free-Cooled Data Centers, for the understanding of the
role of particles in stone-decay processes of cultural heritage artifacts and for the
common algorithms used in the remote sensing of particulate matter concentrations were
evaluated.

The ionic fraction characterisation was also used as an input for a state-of-the-art
equilibrium aerosol model (E-AIM) to simulate the DRH of the samples. Some
discrepancies were evidenced in the comparison of experimental and modelled values,
because the hygroscopic properties of the organic components need to be included too. In
order to effectively account for their contribute, current aerosol models need to be refined
with accurate hygroscopicity measurements on organic compounds of increasing
molecular complexity and their mixtures with common electrolytes. Such measurements
are essential for understanding and modelling the microphysical properties that
determine the partitioning of water between the gas and the aerosol phases in chemically

complex systems.

In this context, an experimental technique based on evaporation kinetics measurements
in an Cylindrical Electrodynamic Balance was developed for the measurement of

vi



Abstract

hygroscopic properties on single confined droplets from aqueous solutions with known
chemical composition. To expand the range of applicability of a previously developed
technique to water activities from 0.5 to values close to saturation (>0.99), well-
characterized binary and ternary inorganic mixtures were considered. The obtained
results were used to successfully validate this technique by comparing them with
calculations from E-AIM Model and to assess the sensitivity of this technique to small
changes in chemical composition. The first class of atmospherically relevant compounds
that was considered was aminium sulphates, which are the products of the neutralization
reactions of sulphuric acid and short-chained alkylamines (methyl- and ethylamines).
They have been detected in atmospheric aerosols up to hundreds of pg m™ but their
hygroscopic behaviour was less characterized than their inorganic equivalent, ammonium

sulphate, even if they can promote cloud droplets formation and particle growth.

vii



Chapter 1  Introduction

This work is focused on the characterisation of the hygroscopic properties and phase
transitions of aerosols. In this Chapter, an overview of the chemico-physical properties of
atmospheric aerosols is given, with particular reference to their chemical composition,
size distributions, origin and evolution processes in the atmosphere. A particular
highlight is put on the hygroscopic properties of aerosols, which define how particles
interact with water and depend on their chemical composition. The various measurement
techniques applied in the literature for the determination of the hygroscopic properties of
both atmospheric aerosols and simpler systems are discussed. The phase state of particles
and the amount of absorbed water directly influence their size and determine the role of
aerosols in a number of processes that aerosols are involved in, which are presented in
this Chapter, as well. Finally, a general overview of this thesis is presented together with
its motivation and aims.

1.1 Atmospheric Aerosols: Properties and Sources

Aerosols are part of everyday life since they are widely used in cosmetic and health care
products, for the application of paint and coatings, for drug delivery and in many
industrial processes. In addition, atmospheric aerosols influence our lives because of their
effect on climate and on the formation of clouds'™, and the negative health effects of
inhaled particles have been increasingly recognised and studied in the last decades®**.
From a chemico-physical point of view, aerosols are colloidal systems composed of a
particle phase, which can be solid, liquid or both, suspended within a gaseous medium.
When atmospheric aerosols are considered, the term Particulate Matter (PM) is widely
used to define the particle condensed phase.

The size of atmospheric aerosol particles covers several orders of magnitude, from very
few nanometers (3-20 nm) up to several hundreds of micrometers®’. A commonly used
classification of aerosol particles according to their size is the one that distinguishes
between the coarse fraction (d>1 pm), the fine fraction (diameter between 0.1 and 1 pm)

and the wltrafine fraction (d<0.1 pm).
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Atmospheric aerosols are ubiquitous and characterised by heterogeneous chemical
composition that includes both organic and inorganic components (Section 1.1.1). The
concentrations and the chemical composition of atmospheric particles can vary in time
and in space. Daily, seasonal, annual and inter-annual trends in particles composition
and concentrations are observed™ because of the variability of atmospheric conditions
and of the intensity of emission sources. Moreover, different types of environment (e.g.
urban, rural, marine, remote, etc.) are characterised by different climatic conditions and
by different sources of aerosol particles that result in a spatial variability of the
concentrations and of the chemical composition of aerosols?. A further heterogeneity can
also be found along vertical profiles within the troposphere®® and among particles with
different sizes**. Finally, the climatic conditions (temperature and humidity) of the gas
phase in which particles are suspended determine the physical state of aerosols (Section
1.1.2) and the various chemical species they are composed of can partition between solid,
liquid and gaseous phases. The chemical complexity of atmospheric aerosols together
with the temporal, spatial and climatic factors that influence their variability are
summarised in Figure 1.1 and discussed in detail in the following Sections.

Temporal variability Aml?linst.cilosrt\ilet}lons
(seasonal, daily, etc.) Inorganic salts _. Lo
(NH,", 50,2, Nog c, A
N Na, Ca?*, Organics

=r = . sl év
5
m Dust ) Elements

v, Cy, Ti, ...)

(oxides, silicates, ) & 1

Black carbon Spatial variability

Particle size (urban, rural, marine, etc.
+ vertical distribution)
Chemical composition
of aerosols

Particle size

Particles number

Figure 1.1: Aerosol are characterised by an heterogeneous chemical composition
(centre) which is dependent on seasonal and spatial variability and on the
particle size. and which also influences the physical state of aerosols, depending
on the surrounding climatic conditions.
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1.1.1 Chemical Composition and Sources of Atmospheric

Aerosols

Atmospheric aerosol particles can originate from a great number of different sources.
Primary particles are emitted directly in the atmosphere both by natural (e.g. volcanoes,
sea spray, forests and biological activity, dust resuspension, etc.) and anthropogenic
sources (e.g. combustion of fossil fuels, biomass burning, domestic heating, cooking,
husbandry, etc.). Particles can also originate from reactivity of gaseous components in
the atmosphere, from the nucleation processes of new particles from gas molecules and
from the modification of primary particles components. Aerosols deriving from such
mechanisms are defined secondary.

As anticipated in the previous Section, the chemical composition of atmospheric aerosol
particles can be extremely diverse, including both inorganic and organic chemical species,
characterized by different water-solubility and volatility and by wvariable optical and
hygroscopic properties (see Sections 1.1.2 1.1.3).

If the inorganic fraction of aerosol particles is considered, it can be divided into water-
soluble ionic compounds and insoluble components. With respect to the water-soluble
components, the most common ionic compounds are ammonium, nitrates and sulphates,
which are mainly secondary components deriving from the reactivity of their gaseous
precursors (NH,, NOy and SO,). Other inorganic ionic species in aerosols derive from sea
salt (composed mainly by NaCl, but also SO,*, Mg?", Ca?" and K")? and crustal
components (Mg?", Ca?", K, Na', F-, CI). The insoluble inorganic fraction in aerosols
derives mostly from ‘mineral dust’ and ‘road dust’™, which include metal oxides and trace
elements (Al, Si, Ca, Mg, Fe, Ti, Sc, Na, K, Cu, Pb, V, etc.)'".

Elemental carbon (EC) can represent up to 20-30% of the overall aerosol mass® in
environments that are strongly impacted by anthropogenic activities, because it mainly
derives from incomplete combustion processes. Its structure is mainly amorphous, even
though graphitic-like structures are also found'. In the literature, EC is usually referred
to in different ways, depending on the specific field of application, on the characteristic
that needs to be highlighted or on the analytical technique used for its quantification.
Frequently the elemental carbonaceous fraction of aerosols is termed ‘soot’ in order to
put the accent on its provenience from incomplete combustion processes. Soot usually
can contain a variable amount of heteroatoms (mainly O and N), that depending on the
combustion conditions can represent up to 50% of the overall soot mass'2. Because of the
strongly light absorbing properties of EC components, these are often referred to as black
carbon (BC), in particular when its quantification is performed by means of optical

absorption techniques?.
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Organic components represent probably represent the most heterogeneous fraction in
atmospheric aerosol particles, with hundreds of different chemical molecules that have

1311 The organic carbon (OC) fraction

been detected in atmospheric aerosol samples
includes carboxylic acids, hydrocarbons, fatty acids, amines, alcohols, proteins and amino
acids, aromatic compounds, cellulose, levoglucosan and multifunctional compounds, as
well. The primary emission sources of organic compounds are both natural and
anthropogenic and the class of Secondary Organic Compounds (SOA) originates from
nucleation of gaseous compounds, gas-particle partitioning of VOCs (volatile organic
compounds) and SVOCs (semi volatile organic compounds) and multiphase reactivity®
Even if many of the organic species in atmospheric aerosols are just trace compounds,
they can be of great interest since their negative health effect can be significant even if
present in very small amounts. This is the case, for example, of PAHs (polycyclic
aromatic hydrocarbons, concentration ranges from <0.1 to 100 ng m®)"” that are
recognized as carcinogenic, mutagenic or as synergists agents in carcinogenic

13,15

processes Primary biogenic organic components such as pollen, plant and animal
debris, spores, viruses and bacteria represent a consistent portion of the overall organic

fraction of atmospheric aerosols (up to 25% of the global aerosol mass'®).

Because of the chemical heterogeneity of particles, the characterization of the chemical
composition of aerosols can be challenging. The characterization of compounds with
different chemico-physical properties would also require the application of a number of
different analytical techniques, which could be problematic because of the usually small
amounts particles collected and because of the presence of hundreds of trace

constituents?.

1.1.2 Physical State and Hygroscopic Properties of an
Aerosol

Hygroscopicity is the ability of a substance to absorb water molecules. Atmospheric
aerosol particles can interact with gaseous water molecules in the atmosphere and they
are characterised by variable hygroscopic properties depending on their chemical
composition. The amount of water in the gas phase is usually described in terms of
Relative Humidity (RH), which is defined as the ratio of the partial pressure of water
(pw) in the gas phase and the saturation vapour pressure (p2) at the considered

temperature:

RH(%) = z—;”- 100 = S, 5, - 100 11

w
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Figure 1.2 is a schematic representation of the interaction of water gaseous molecules
with a simple hygroscopic aerosol systems, containing only pure saline particles (NaCl,
for example). At low relative humidities, the salt is present in its crystalline solid form.
With increasing RH, the water content in the gas phase increases and when a certain
critical RH value is exceeded the solid NaCl particle spontaneously absorbs water thus
forming an electrolytic solution. This solid-liquid phase transition is termed deliquescence
and the thermodynamics behind it are fully described in Section 2.1.1. After
deliquescence has occurred, further increase in RH cause more water molecules to
partition from the gas phase to the particle phase and to condense on the solution
originated from the deliquescence process, which results increasingly diluted. This
equilibrium process is usually referred to as ‘hygroscopic growth’ because the particle
increases its radius (and mass) because of absorption of water molecules (see Section
2.1.2). Whenever an aerosol system is not in equilibrium with the surrounding gas phase
RH, it responds with evaporation or condensation of water molecules. The kinetics of the
dynamic processes of non-equilibrated aerosol systems are described in Section 2.3.

Increasing RH
o

Deliquescence

.—»—-» —

Hygroscopic growth

Figure 1.2: With increasing RH, a saline aerosol particle deliquesces at DRH
and continuously absorbs water thereafter increasing its size (hygroscopic
growth).

If more complex systems like actual atmospheric aerosol particles are considered their
overall hygroscopic results from the hygroscopic properties of the different components.
In addition, other factors can influence the partitioning of water between the gas and the
condensed phase. For example, kinetic limitations to water diffusion from the bulk to the
surface of a droplet can be observed in highly viscous or glassy aerosols or when surface-
active compounds create hydrophobic films on the surface of droplets'” 2. Mixed organic
and inorganic aerosols can undergo phase separation with the formation of an aqueous
phase and an organic hydrophobic, which influences the water uptake by particles® ?*. In
addition, the gas-particle partitioning of VOCs and SVOCs and their co-condensation
with water influences the growth of atmospheric aerosol particles and their activity in

clod formation processes?.
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At a fundamental level, both the thermodynamic factors governing hygroscopic growth
and the kinetics of condensation must be better quantified in order to represent the
aerosol microphysics under-pinning the partitioning of water between the gas and
particle phases. Quantifying the hygroscopic growth of aerosols is important for
understanding the liquid water content and size distributions of atmospheric aerosols and
for modelling their optical properties (Section 1.1.3), for predicting cloud droplet number
and size distribution following the activation of cloud condensation nuclei (CCN, Section
1.2.1) and for determining the partitioning of semi-volatile organic compounds in the
condensed aerosol phase®?°. The capacity for aerosols to absorb water can also influence
their deposition in the respiratory track on inhalation, potentially influencing the impact

of aerosols on health?” (Section 1.2.2).

The thermodynamic properties that describe the equilibrium partitioning of water to the
condensed phase of atmospheric aerosols are presented in Chapter 2, together with the
current literature modelling approaches. In addition, the kinetics of water evaporation
and condensation are

1.1.3 Optical Properties

The interaction between aerosol droplets and light can occur according to different
processes, i.e. absorptions, elastic and inelastic scattering, reflection, refraction and
diffraction. For a single aerosol particle, its interaction with light depends on size, shape
and refractive index of the material. Note also that all these processes are dependent on
the wavelength (A) of the incident light.

When light travels through a bulk medium, its speed is attenuated and the extent of this
attenuation depends on the density of the material and on the polarizability of its
molecules. If the energy of the incident light is conserved the scattering is elastic,
whereas if absorption occurs and the energy of light is attenuated the scattering is
defined inelastic. One of the parameters used to describe the propagation of light through

a medium is the complex refractive index (f):
m=m+ik 1.2

In the expression of the complex refractive index, m represents the real part of the
refractive index, which describes the elastic scattering of the medium, whereas &
describes the attenuation of light through the medium because of absorption processes

and is called extinction coefficient.
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Maxwell’s equations describe the scattering of an incident electromagnetic radiation by
aerosol particles®™. A solution of these equations for spherical, heterogeneous droplets
illuminated by monochromatic plane wave light is provided by Mie Theory?, which
evaluates the behaviour of the electric and magnetic components of light before hitting a
particle, within its medium and thus calculating how they are scattered by the particle.
A description of Mie Theory is beyond the purpose of this work, and can be found in the
literature®. However, Mie Theory and simplified approaches basing on Mie Theory were
used in the literature to interpret the light scattering of single levitated aerosol particles
31,32 (

and infer their size and/or refractive index see also Section 5.2.2).

An example of the dependence of light scattering as a function of the scattering angle
(being 0° the incident angle of light) simulated with Mie Theory is given in Figure 1.1.
The simulation was performed with the software ‘Mie Plot’, which uses the Mie
scattering algorithm by Bohren and Huffmann (1987)*. The calculation was done
considering a constant refractive index value (1.4) and at a wavelength of A=532 nm.
The polar plot shows the angularly-resolved scattered light intensity (on arbitrary units)
generated by three homogeneous spherical droplet with different radius (black — 10 pm;
pink — 1 pm; blue — 0.2 um). The generated scattering pattern consists in a series of light
intensity peaks and valleys that originates from the interference of reflected and refracted
light by the droplet surface. This pattern is also referred to as phase function and
depends on the radius and refractive index of the droplet and on the incident
wavelength.

270

10 ym

240 300

Figure 1.3: Simulation of the angular dependence of scattered light of three
droplets with constant m value, but variable radii. Different, colours indicate
different, droplet radii (black — 10 um; pink — 1 um; blue — 0.2 pm).
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1.2 Effects of Atmospheric Aerosols

After discussing the chemical composition of atmospheric aerosols, their phase state and
size distribution, in this Section an overview of the effects of the climatic (1.2.1) and
health effects (1.2.2) of aerosols in the atmosphere is given. In addition, a few
considerations on the interactions of deposited aerosol particles with deposition surfaces
with different chemical physical properties are presented in Section 1.2.3.

1.2.1 Climate Effects of Atmospheric Aerosols

One of the most relevant effects of atmospheric aerosols is that they can impact the
radiative balance of the atmosphere, thus playing a role in climate change®.

The Earth’s radiative balance (or energy budget) is the difference between the incoming
energy form solar radiation and the outgoing energy from Earth. If these two quantities
are equal, the global temperature is constant but there can be factors that perturb the
Earth’s radiative balance. This perturbation is generally described in terms of Radiative
Forcing (RF), which is defined by the Intergovernmental Panel on Climate Change
(TPCC)* as “a measure of the influence a factor has in altering the balance of incoming
and outgoing energy in the Earth-atmosphere system and is an index of the importance
of the factor as a potential climate change mechanism”. In IPCC reports, RF values are
reported as “changes relative to pre-industrial conditions defined at 1750 and are
expressed in watts per square metre (W/m?)”. A positive radiative forcing means a
warming effect, whereas a negative radiative forcing implies a cooling effect.

The radiative forcing of greenhouse gases (CO,, CH,, N,O and halocarbons) has the
highest contribution to the total positive anthropogenic radiative forcing effect!, which is
overall of 3.03+0.58 W m?, and the level of confidence attributed to the RF of these
gaseous species is either ‘high’ or ‘very high’.

Atmospheric aerosols have two different effects on the Earth’s radiative balance®, which
are summarised in Figure 1.4. The first effect is defined direct and includes the scattering
or absorption of the incoming solar radiation by aerosol particles in the atmosphere
(Section 1.1.3). The scattering effect results in a cooling effect, whereas absorption of the
solar radiation is associated to warming effects. In addition, aerosols also have indirect
radiative forcing effects, which are related to the role of particles as cloud condensation
nuclei (CCN, Section 2.1.4) in the clouds formation processes in the atmosphere. The

chemico-physical properties of precursor particles influence the droplets size distribution

8
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in clouds, the optical properties, thickness and lifetime of clouds, and changes to the
clouds properties from pre-industrial conditions led to an overall negative indirect
radiative forcing effect of atmospheric aerosol particles.

Direct Indirect
effect effect

Figure 1.4: Direct and indirect radiative forcing of atmospheric aerosols.

If compared to the good level of confidence IPCC associates to the positive RF of
greenhouse gases, the understanding of the magnitude of direct and indirect radiative
forcing of aerosols is still affected by significant uncertainties.

Figure 1.5 shows the different estimates of the direct (Panel A) and indirect (Panel B)
radiative forcing of atmospheric aerosols from IPCC reports from 1995 to 2013% %, RF
values are calculated between the year indicated on the z axis and 1750, taken as a
relative reference of the pre-industrial situation. In Figure 1.5-A, the black points
indicate the overall RF average of all the different chemical species in aerosols together
with its uncertainty, whereas different colours in the bars correspond to different
components of atmospheric aerosols (dark grey — black carbon; light grey — organic
carbon; green — biomass burning; red — sulphates; blue — nitrates; brown — mineral dust).
Note the variability of error bars: for the first time with the 2013 report', IPCC
attributed a ‘high’ level of confidence to the direct radiative forcing effects, which were
overall estimated of -0.27(-0.77 to 0.23) W m™. With respect to aerosols indirect effects a
similar temporal trend is shown in Figure 1.5-B (note that for years 1992 and 2000 only
a range of possible values was estimated). The latest reported RF value due to aerosol-
cloud interaction was -0.55(-1.33 to -0.06) W m™? and its level of understanding was
indicated as ‘low’ by IPCC'. It is then clear that some effort is still needed for a better
understanding of the effects of aerosols on the Earth’s radiative balance and on climate,
especially with respect to the indirect effects of atmospheric aerosol particles. The
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uncertainties in understanding these processes provide an incentive to improve the
characterisation of aerosol hygroscopicity.
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Figure 1.5: Evolution of the radiative forcing (RF) due to the aerosols direct
(Panel A) and indirect effects (Panel B) from the last four IPCC reports'3 7.
Colours in Panel A: dark grey — black carbon; light grey — organic carbon; green
— biomass burning; red — sulphates; blue — nitrates; brown — mineral dust.

1.2.2 Health Effects of Inhaled Particles

Several epidemiological studies have shown the correlation between high concentrations
of atmospheric aerosols, especially fine particles, and increase in pathologies and death
rates®®*, The main factors that determine the effects on atmospheric aerosol particles
on human health are their size and their chemical composition.

The penetration of aerosol particles in the human respiratory tract and in which regions
particles are going to deposit depend on their size. Depending on the penetration ability
of particles in the respiratory tract, aerosol particles can be divided in four different
fractions®: inhalable, all the particles that are inhaled thought the mouth and the nose;
extra-thoracic, inhaled particles that do not penetrate beyond the larynx; thoracic,
particles that manage to penetrate beyond the larynx; respirable, particles that reach the
alveolar region and penetrate the blood-air barrier. The standardised PM,, and PM,;
sampling fractions were originally defined to represent the inhalable and the thoracic
fractions respectively. With respect to the chemical composition of particles, the highest
risk for human health is associated to trace heavy elements' " (V, Ni, Cu, Zn, As, Cr,
etc.) and to some classes of carcinogenic organic compounds, such as PAHs" (Section
1.1.1) and polychlorinated byphenils'®. Unfortunately, these dangerous chemical species
in atmospheric aerosol particles are mainly concentrated in the fine (d<1 pm) and

10
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ultrafine (d<0.1 pm) fractions that can reach the alveoli and penetrate into the
peripheral circulation and eventually into the brain and other organs®.

Besides the negative health effects of inhaled atmospheric aerosol particles, aerosols are
also used for the delivery of pharmaceutical active compounds directly to the lungs*.
The use of pharmaceutical aerosols has the advantage of reducing the dose of active
ingredient that has to be administrated to the patient and of decrease the time of action
because of rapid transport into the circulatory system. An important aspect for the
inhalation of both atmospheric aerosol particles and pharmaceutical aerosols is that the
size distribution of the inhaled particles modifies once the aerosol enters the respiratory
tract, because of water uptake from the surrounding enviroments®”. Variations in the size
of inhaled particles should be considered for example to target the drug-delivery of

pharmaceutical aerosols to a specific region of interest within the respiratory tract®.

1.2.3 Contamination of Materials by Deposited Aerosol

Particles

So far, atmospheric aerosols have been considered when suspended in the atmosphere.
However, after a certain lifetime in the atmosphere (ranging from minutes to several
days or weeks?), they are removed from the atmosphere by a number of different
processes (e.g. dry and wet deposition, sedimentation, impaction?). In particular, they
can undergo dry deposition and accumulate over surfaces they can interact with,
according to different interaction patterns that depend on the chemico-physical
properties of the surface, on the chemical composition and on the physical state of the
deposited particles. The understanding of the hazard represented by deposited
atmospheric aerosol particles is important in different application fields, such as building

46,47 8-50

materials damage evaluation®®*", corrosion of metals®® *, cultural heritage conservation®"

% contamination of electronics® 7.

An example is represented by the contamination of electric circuits by deposited
atmospheric aerosol particles, which represent a potential danger for the installed
electronic components, as a function of their physical state but especially when
hydrated®® . In fact, particulate contaminants can cause different electrical and
electrochemical effects on electronics®. First of all, electrochemical corrosion can occur
and the impact of the deposited aerosols can be different if ionic species are in the solid

186361 In addition, particles deposited on

state or are dissolved in an aqueous solution
electronics can have mechanical effects, such as heat accumulation on electronic circuitry,

or electrical effects. For example, electrical bridging phenomena could be caused by

11
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particles deposited between components that would normally be electrically insulated in
a printed circuit, leading to short-circuiting and electrical failure mechanisms™". These
electrical effects of aerosol particles deposited on electronics can represent a potential

danger in particular for Data Centers®%%,

where a high density of electronic
components is present. Implication for particles contamination in Data Centers are

discussed in Section 4.3.1.

Atmospheric aerosol particles also contaminate stone porous materials of cultural
heritage importance and assessing the decay-hazard associated to particulate
contaminants is extremely relevant for the conservation of cultural heritage stone
artefacts. Also in this case, the chemical composition, the physical state of deposited
aerosols and their phase transitions of contaminant particles represent important factors
to determine the effects on the contaminated stone surfaces. In fact, the presence of
liquid water adsorbed on a stone surface can trigger a wide number of different ‘chemical’
decay processes (such as solid-liquid reactions, acid attack, penetration of salts solutions
in the porosity of materials and biofilms formation)'*¢" ™. Besides, “mechanical” decay-
mechanisms can be induced by the physical stress associated to the crystallization of
dissolved saline components, due to the ambient RH variations™.

1.3 Hygroscopicity Measurement Techniques

An overview of the most common experimental techniques applied in literature studies
for the investigation of the hygroscopic properties of aerosols, both on the field and in
the laboratory, is proposed in this Section.

A first distinction has to be made between hygroscopicity bulk measurement
techniques™™, employed for the characterisation of thermodynamic properties of
solutions, and measurements in the aerosol phase. In fact, in contrast to bulk solution
analysis, studying levitated particles gives easy access to the supersaturated (i.e.
metastable) concentration range as no surfaces for heterogeneous crystallisation are
available (see Section 2.1.1). The supersaturated concentration range is of prime
importance for atmospheric studies since atmospheric aerosol particles are often in a
metastable state'”. In addition, bulk studies are not able to provide any information for
values close to saturation or for RH>100%, which is vital for a correct understanding of
the activation of atmospheric aerosol particles in cloud formation processes™™ (Section

2.1.4).

One of the most common instruments to characterise the hygroscopicity of aerosol
ensembles is the H-TDMA (hygroscopicity tandem differential mobility analyser). DMAs
12
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are able to classify charged aerosol particles as a function of their electrical mobility (i.e.
their ability of moving within an electrical field), which is related to the particle size. In
the H-TDMA setup, two DMAs are employed: the first is used to select dry particles
with a specific size range, then particles are humidified in a humidifying chamber kept at
a fixed RH and the second DMA is used to determine the size distribution of the
particles after umidification. The comparison of the initial dry size and the final size
distribution after water uptake allows the determination of the hygroscopic growth and
of the phase transitions of the analysed aerosol. H-TDMA have been applied in literature
works both online to atmospheric aerosols™ ™ and to laboratory generated aerosols™ ®.
The RH range usually covered by H-TDMA is ~10-90%, because of the difficulty of

accurately measure RH above 90%.

Other used ensemble techniques for the characterisation of hygroscopic properties of
aerosols include Nephelometry®?® which consists in the measurement of the light
scattering of aerosol particles that varies depending on the physical state of aerosol
particles, and DAASS*#® (dry and ambient aerosol size spectrometry), which measures
and compares the dry and ambient size distribution of atmospheric aerosol particles to
determine their water uptake.

In recent years, electrical conductance methods were developed in the literature to
measure indirectly the phase transitions of aerosol particles, by taking advantage of the
different electrical properties of solid particles and of the electrolytic solutions that are
formed as a consequence of deliquescence and water absorption by particles. Note that a
review of these methods is proposed in Section 3.1.1, where they are discussed in detail
and compared to the electrical conductance technique applied in Chapters 3 and 4.

Besides ensemble measurements, single particles techniques allow the characterisation of
fundamental thermodynamic properties and kinetic processes in absence of inter-particle
interactions. In addition, the same particle can be observed over long periods of time and
subjected to variable controlled RH and temperature conditions. With single particle
techniques the size and chemical composition of the analysed particle can be measured
by non-intrusive techniques (such as light scattering or Raman spectroscopy). A review
of the commonly applied single particles techniques that include electrodynamic trapping
(see Section 5.1), optical tweezers, acoustic trap and microscopy observations, can be
found in the work of Krieger et al. (2012)".

13
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1.4 Aims and Thesis Outline

The equilibrium hygroscopic properties and the phase transitions of atmospheric aerosols
are of great interest for the understanding of their effects on climate, on health and on
contaminated materials (Section 1.2). The hygroscopic properties represent the subject of
research of this thesis and they have been investigated with two different but
complementary approaches. As envisaged by the title of this work, the investigated
aerosol systems are characterised by variable chemical complexity and both atmospheric
aerosols and simpler ‘model” systems were considered.

On one side, the phase transitions of ensemble atmospheric aerosol samples were
investigated, allowing the observation of an overall behaviour of heterogeneous and
chemically complex atmospheric aerosol systems. Direct measurements of atmospheric
aerosols phase transitions are extremely important if one wants to directly observe and
characterise the behaviour of particles in the various chemico-physical processes they are
involved in, both on the atmosphere and when deposited on surfaces. However, the
rationalisation of ensemble measurements can be difficult and challenging, because of the
number of different chemical components in atmospheric aerosol particles.

A completely opposite approach was applied for the development of a single particle
technique for the investigation of simplified atmospherically-relevant aerosol systems.
The aim of this part of the work was proposing a methodology for a systematic
characterisation of the hygroscopic properties of aerosols with increasing chemical
complexity (i.e. contanining multifunctional organic molecules, mixtures of organic and
inorganic components) over a wide range of RH (above 50% RH) and for values close to
saturation (>99%). The broader objective of this research was providing a tool for the
reliable quantification of the hygroscopic properties of atmospherically-relevant aerosol
systems to refine current aerosol thermodynamic models. In particular, this thesis was
focused on the first steps of this broader research: the proposed experimental technique
was validated by measuring the hygroscopic properties of well-characterised binary and
ternary mixtures of water and inorganic compounds and then applied for the
characterisation of the hygroscopicity of a first class of ternary water-inorganic-organic

mixtures.

Before presenting the techniques used in this work and the obtained results, Chapter 2
discusses the thermodynamic principles that govern the partitioning of water between
the gas and the condensed phases, together with the current thermodynamic modelling
approaches applied in literature aerosol models. In addition, a kinetics theoretical
framework for the description of the dynamics of water evaporation and condensation
from and to aerosol particles is presented. Chapter 3 focuses on the electrical

14
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conductance experimental method that was developed for the characterisation of the
phase transitions of atmospheric aerosol samples in an Aerosol Exposure Chamber
(AEC). Results from the direct measurements of the deliquescence and crystallisation
processes of atmospheric aerosol samples are presented and discussed with reference to
their ionic composition in Chapter 4, where the implications of these measurements in
different fields of research are addressed, as well. In the second part of this work, the
focus is on a single particle experimental technique. Chapter 5 describes the Cylindrical
Electrodynamic Balance (C-EDB) experimental setup and all the operations for the
generation and the trapping of single charged aerosol droplets in an electrodynamic field.
Chapter 6 focuses on how the equilibrium hygroscopic properties of a droplet are
measured using comparative kinetics experiments on single levitated droplets and
validates the proposed method with measurements of the hygroscopic properties of well-
characterised atmospherically-relevant inorganic compounds and their mixtures. The
characterisation of a first ternary inorganic-organic systems is presented in Chapter 7,
which focuses on the class of aminium sulphates.
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Chapter 2 Thermodynamic Properties of
Aerosols and Water Evaporation

Kinetics from Droplets

In this Chapter, the thermodynamic properties that determine the equilibrium physical
state of aerosol particles and their water content are presented. Aerosol thermodynamics
is discussed in relation to the different factors that influence the physical state of aerosol
particles, which are both dependent on external conditions (i.e. relative humidity,
temperature and pressure of the surrounding gas phase) and on the chemical composition
of particles. In addition, situations where aerosol systems are far from the
thermodynamic equilibrium state are considered, as well. A theoretical kinetic framework
for the modelling of the condensation and evaporation of volatile species to and from the
aerosol condensed phase is presented and it is going to be applied in Chapters 6 and 7 for
the determination of aerosol hygroscopic properties on single levitated droplets.

2.1 Thermodynamic Properties of Aerosols

In Section 1.1, aerosols were described as colloidal systems composed of a condensed
phase (liquid and/or solid) within a gaseous phase. The chemical species that compose
atmospheric aerosols can partition between the solid, liquid and gaseous phases,
depending on their chemico-physical properties (such as solubility, volatility, etc.) and on
the ambient condition that they experience, mainly temperature and RH.

Water represents an important fraction of the overall mass of aerosol particles and it is
mostly present in the condensed phase of aerosols as ‘unbound’ water rather than
‘bound’ water, which is chemically-bound to the crystal form of the saline components in
)3.8()‘

the particles)®®®. As anticipated in Section 1.1.2, water in the gas phase is usually

described in terms of relative humidity (RH), which is defined as the ratio of the partial
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pressure of water (p,,) in the gas phase and the saturation vapour pressure (p3) at the
considered temperature:

RH(%) = IIZ—W- 100 = S, 4, - 100 21

0
w

In Eq. 2.1, S, is the saturation ratio of water in the gas phase, expressed as the ratio of
p,, and pd.

The saturation vapour pressure of water is strongly dependent on temperature and its
temperature dependence is given by the Clausius-Clapeyron relation, reported in Eq.2.2
in its integrated form and with reference to a standard p2(T,) at a specific temperature
(To):

AHyo (T — T,
0 — 0 vap 0 .
pw(T) = pw (To)exp [ R (T T, )] 2.2

where AH,,, is the enthalpy of vaporisation of water and R is the universal gas constant.

In sub-saturated conditions, the RH covers values from 0 (no water in the gas phase) to
100% (saturated gas phase). Super-saturation (RH>100%) can also occur, for example
when a mass of air experiences a decrease in temperature, the saturation vapour pressure
decreases (according to Eq. 2.2) and the RH consequently increases to values that can
exceed 100%, since partial pressure of water stays constant.

In the following Sections and the equilibrium the thermodynamic principles that underlie
the equilibrium between the three different phases of an aerosol (solid, liquid and
gaseous) are presented. Note that the following discussion specifically refers to aerosol
systems where the only volatile chemical species that partitions to the gas phase is water.

2.1.1 Phase Transitions within the Condensed Phase of
Aerosols

There are chemical species that can be found in aerosol particles both in the solid or in
the aqueous phase, such as inorganic and water-soluble organic species (Section 1.1.2).
The physical state that is actually observed for these chemical species in correspondence
to fixed T and RH conditions depends on which one is the energetically favoured state.

If a pure salt aerosol system is considered, a typical diagram showing the phase
transitions and the hygroscopic behaviour of a single particle is reported in Figure 2.1,
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where the size variations of the particle due to water absorption is represented in terms
of radial growth factor (GF,):

_a(RH)

GF,
" adry

21

where a(RH) is the radius of the particle at a certain RH, where a4y is the radius of the
dry particle. The radial growth factor is equal to 1 when a particle is in the dry state and
no water is absorbed onto it (because a(RH)=aq4y), whereas it is GF,>1 when some water
is condensed to the liquid phase. Note that the GF, is only one of the possible
parameters that can be used to represent the hygroscopic properties of aerosol particles.
Other representations are discussed in Section 2.1.5.

In Figure 2.1, at to low RH values, the Gibbs free energy of the solid salt (which is
constant at fixed T and p) is lower than the Gibbs free energy of the corresponding
aqueous solution, and therefore the salt remains in its solid phase. With increasing RH
values, the Gibbs free energy of the solution decreases until it eventually becomes equal
to that of the solid salt. A further increase in RH brings to a situation where the solution
is the lower energy state for the saline particle and in correspondence to a certain critical
RH, which is specific for each chemical species and depends on temperature®, the salt
spontaneously absorbs water, thus suddenly increasing its size (and mass) and forming a
saturated solution. This spontaneous process is called deliquescence and the critical RH
at which this process occurs is termed Deliquescence Relative Humidity (DRH). After
deliquescence has occurred, any other increase in the gas phase RH results in more water
condensing to the aqueous phase, according to the thermodynamic principles described in
Section 2.1.2. Because of water condensation, the size of the droplet increases and the
radial growth factor assumes higher values with increasing RH.

If the RH is successively decreased, water evaporates from the liquid to the gas phase.
When the DRH is reached again, no prompt crystallisation is observed, even though the
solid would be thermodynamically favoured. This happens because for crystallisation to
happen a critical germ of nucleation has to be formed®. In fact, on a microscopic scale,
within a disordered liquid phase small aggregates of ions are dynamically formed and
quickly dissociate, because the release of energy associated to the dissolution of the
cluster is bigger than the energy that would be release by the formation of a crystal. For
crystallisation to occur, a sufficiently large cluster of ions needs to be formed so that the
growth of a crystal is energetically favourable if compared to the dissolution of the
cluster®. Even though crystallisation would be thermodynamically favoured, it does not
happen in correspondence to the DRH because of the kinetic barrier of the critical germ
nucleation. The formation of a critical germ of crystallisation occurs in supersaturated
conditions and therefore the RH needs to be decreased below DRH (in correspondence of
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which the solution is saturated) before the salt in solution can crystallise again. The RH
at which crystallisation occurs is referred to as Crystallisation Relative Humidity (CRH)
and it can be significantly lower that the DRH.

5

20 40 60 80 100
RH%

Figure 2.1: Radial growth factor as a function of the gas phase RH for a generic
pure inorganic salt. The two phase transition RHs are indicated (DRH and
CRH) and the hygroscopic growth of the solution droplet after deliquescence is
also represented.

Since DRH and CRH do not coincide, GF, diagrams as the one in Figure 2.1 present an
hysteresis behaviour. Generally speaking, the term hysteresis describes a system whose
properties are defined by the current conditions but also by the past conditions
experienced by the system. In the case of the hydration state of an aerosol particle, this
depends not only on the current RH conditions of the gas phase that surround it, but
also from the previous RH history, i.e. the increasing or decreasing RH trend.

As a final remark on the phase transitions of simple hygroscopic saline systems, if a
multicomponent aerosol is considered, deliquescence and crystallisation of the saline
components occur at the Multual DRH (MDRH) and at the Mutual CRH (MCRH).
MDRH and MCRH are always lower than their single-component equivalent of each of
the chemical species that are present in the mixture and full deliquescence and
crystallisation of all the saline components can occur over a range of RH, rather than as
a single-step phase changes®. In addition, a number of literature studies investigated the
phase transitions and hygroscopic properties of mixed inorganic and organic aerosol
systems, demonstrating the influence of organic molecules to determine the overall water

uptake of the studied aerosol systems?*% %,
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2.1.2 The Liquid-Vapour Partitioning of Water in
Aerosols

The Section 2.1.1 focused on the phase transitions of aerosol components in the
condensed phase in correspondence to DRH and CRH, whereas in this Section the
hygroscopic growth of particles due to the water absorption after deliquescence is
discussed. In the atmosphere, the partitioning of water between the gas phase and the
condensed phase is key for the determination of the size of aerosol particles and its
understanding is essential because the amount of water in aerosol particles determine
their activation and the formation of cloud droplets (Section 2.1.4).

The principles that govern the hygroscopic growth of aerosol particles after the
deliquescence of their saline components are based on the thermodynamic equilibrium
that is established between the gas and the condensed phase (H;0(gqs) @ H20(qq)). When
this equilibrium is established, the chemical potential (i) of water in the gas and in the

condensed phases is equal:
'uHZO(gas) = :uHZO(aq) 2.3

Substituting the expressions of the two chemical potential in the gas phase and in the
liquid phase:

Ui,o + RTIn(p,) = pj,o + RTIn(ay,) 2.4

where .“1320 is the standard chemical potential of water at a pressure of 1 atm, p,, is the
vapour pressure of water in the gas phase, pip,o is the chemical potential of pure liquid
water and a,, is water activity. For pure H.O in equilibrium with its liquid, since a,, =1
and p,, = p3(which is the saturation vapour pressure pressure at the considered T), one

can write:

[

Wiyo = Hio = RTIn(py) 2.
Consequently, using Eq. 2.5 in Eq. 2.4 it results:

Pw RH
=—=8,0 =72 2.
py, " 100 0

aW
Eq. 2.6 implies that water activity in the condensed phase of atmospheric aerosols is
equal to the fractional RH of the gas phase, when the aerosol system is in equilibrium
with the surrounding gas phase. The relation in Eq. 2.6 is valid for large droplets that

can be assimilated to flat surfaces and for which the saturation vapour pressure at the
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surface of the droplet (S,, can be assumed equal to the water activity in solution
(Swe=aw). This assumption is valid for the droplet sizes (radius >100 nm) considered in
Chapters 5, 6 and 7, but deviations from this assumption for small droplets are discussed
in Section 2.1.3.

According to Eq. 2.6, when a droplet exists in equilibrium with the surrounding gas
phase, the concentration of solute in it depends on the gas phase RH and on the
hygroscopic properties of the solute. When RH assumes values close to saturation, the
water activity within a droplet tends to unity, water condenses on it and the solution
gets increasingly more dilute. On the contrary, if the RH is decreased, water evaporates
to satisfy the relation between a, and RH in Eq. 2.6 and the solute gets more
concentrated in solution. The decrease in the water activity of the solution that is caused
by the presence of solutes is referred to as the solute effect. As shown in Figure 2.2, the
solute effect is different for different chemical species.

In the aerosol literature, the relation between water activity and solute concentration can
be expressed with different, depending on what is the physical aspect that one wants to
highlight (e.g. the increase in size due to water absorption with increasing RH, the same
increase but on mass or molar basis, etc.). The different representation of the hygroscopic
properties of a chemical species are discussed in details in Section 2.1.5.

1.0
0.9 4
ms
0.8+ (NH,),SO,
0.7
NaCl
0-6 T T T T T T
0.0 0.2 0.4 0.6
mfs

Figure 2.2: The solute effect expressed in terms of water activity (a.) decrease
with respect to the solute mass fraction (mfs). Data calculated for NaCl,
(NH4)2S04 and glutaric acid with E-AIM Model (Section 2.2).
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2.1.3 The Kelvin Effect

So far, the description of the thermodynamics that govern the partitioning of water
between the gas and the condensed phase was performed assimilating aerosol droplets to
a liquid flat surface. However, this assumption is valid for large droplets, whereas it fails
to correctly describe smaller droplets with radii <100 nm. The reason for this is simply
illustrated in Figure 2.3, where a flat surface and the surfaces of two droplets with
different size are compared and where the little grey circles represent water molecules. If
the arrangement of H.O molecules at the three different interfaces is considered, a
different disposition of water molecules is observed. The surface curvature that
characterises droplets results in less neighbouring molecules around an H,O molecule at
the surface of a small droplet, if compared with a water molecule at a flat surface.
Because of this arrangement of molecules at the gas-liquid interface, each molecule in a
small droplet is subjected to fewer inter-molecular forces than a molecule on a flat
surface and consequently it is easier for it to pass into the gas phase. Since the vapour
pressure of a substance is related to the energy that is needed to overcome such inter-
molecular forces exerted by neighbouring molecules, the vapour pressure at a curved
interface is always higher than the vapour pressure for the same chemical species but at
a flat surface and this is termed the Kelvin effect?.

Figure 2.3: Effect of the surface curvature of droplets compared to a flat

surface. The little grey circles represent water molecules. (Reproduced from
Senfield and Pandis (2006)*).

As a consequence of the surface curvature effect on vapour pressure of a substance, the
assumption in Section 2.1.2 that the saturation vapour pressure of water at the surface of
the droplet is equal to the water activity in the droplet solution is not valid for droplets
with radii <100 nm and Sy .#a.. Therefore a more general expression of Eq. 2.6 is that at

an equilibrium state:

Sw,a = Sw,oo 2.7

23



Chapter 2. Thermodynamic Properties of Aerosols and Water Evaporation Kinetics from Droplets

The Kelvin effect derives from the additional free energy that is associated to the surface
curvature of a droplet if compared to a flat surface. The expression for the difference in
the Gibbs free energy (AG) between a droplet and a vapour is given by Eq. 2.8%

4mad
AG = — nRTInS,,, + 4na’o 2.8

mol

where the first term is the difference in the Gibbs free energy per molecule in the liquid
and vapour states and n is the number of moles, R is the gas constant and Vi, is the
volume of a molecule in the liquid phase. The second term is the free energy associated
with a curved interface with curvature radius a and surface tension o. The trend of AG
as a function of the droplet radius and at three different saturation ratio of water in the
gas phase is shown in Figure 2.4.
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Figure 2.4: Difference in the Gibbs free energy (AG) between a droplet and a
vapour as a function of the droplet radius for three water saturation values in
the gas phase. act and AG* are the radius and AG values that need to be

overcome for a dronlet to orow

When S,,,<1 (light blue lines), both terms in Eq. 2.8 are positive and a monotonic
increase is observed for AG as a function of the radius. When S,.,>1 (dark blue line in
Figure 2.4), the first term in Eq. 2.8 becomes negative and a different trend is observed:
for small a values the surface term dominates and the trend is similar to the S,,<1 case,
whereas a maximum AG* is reached in correspondence to a certain critical droplet size
(aeir). A droplet with a>aqs will continue to condensate water and grow since AG
between the droplet and the vapour phases decreases. a. can be calculated according to:
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ZGVmOl
Arpiy = ——— .
erit = 1RTInS,, ., 29
At the critical radius the S,.= Su and Eq. 2.9 can be rearranged to calculate the
saturation of water per mole over the surface of the droplet by taking into account the
surface curvature effect:

2.10

The Kelvin effect in small for droplets with a>100 nm, because the S, tends to 1 and
can be neglected. However, the Kelvin effect is important for smaller aerosol droplets and
for their activation significant supersaturation values can be required.

2.1.4 Activation of Aerosol Droplets

95

Kohler theory” combines the solute effect (Section 2.1.2) and the Kelvin effect (Section

2.1.3) to predict the saturation ratio of water over a solution droplet:

20V,
7’”01) 211

Swa = awexp( RTa

Figure 2.5 shows the comparison of the functional forms of the solute and Kelvin effects
and of the Kohler equation for two different particles with dry radius values of 20 nm
(green curve) and 40 nm (pink curve). If the sole solute effect only is considered, a
supersaturation of 0 is necessary for droplets to activate, and this is true for large
particles (a>100 nm), for which the Kelvin effect is negligible. The combination of the
solute and Kelvin effects results in a maximum in the Kohler curve and the
supersaturation in correspondence to this maximum is referred to as critical
supersaturation (S.;). When the supersaturation ratio in the gas phase exceeds S, for
the droplet, the activation of particles as cloud condensation nuclei (CCN) occurs and
the droplet spontaneously starts to uptake water.

In Figure 2.5 a higher S. corresponds to the smaller droplet with a4,=20 nm if
compared to the droplet with a4,=40 nm. The smaller the droplet and the higher the
required saturation for the droplet activation. In addition, for aerosol droplets with the
same size but with different chemical composition, a lower S, corresponds to droplets
containing more hygroscopic chemical species?*. Since atmospheric aerosols are composed
of particles with both different dry size and chemical composition, larger and more
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hygroscopic droplets will first, whereas the smaller droplets will activate only if the
supersaturation of water in the gas phase increases sufficiently.
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Figure 2.5: Kohler equation (Eq. 2.11) plots for two droplets with different dry
size. The functional forms of the solute and Kelvin terms are represented, as
well.

2.1.5 Representing the Hygroscopic Properties of a
Compound

As a final remark, a description of the different parameters used in the literature and in
this work to describe the equilibrium hygroscopic properties of atmospheric aerosols is
presented. Usually, the hygroscopicity of aerosols is represented in diagrams similar to
the one in Figure 2.1, where a parameter describing the water content of a particle (in
Figure 2.1 the radial growth factor) is plotted against either the water activity in
solution or the gas phase RH (note that for droplets with a>100 nm as in this work, they
are equivalent for Eq. 2.6).

Radial growth factor (GF,, Eq. 2.1, also referred to as size growth factor or diametric
growth factor) is probably one of the most common parameters employed for the

description of the hygroscopic properties®#1.%9

of aerosol particles, because both climate
and health effects (Sections 1.2.1 and 1.2.2) depend on the size of particles and therefore
it is useful expressing the water uptake by particles as a function of their increase in size.

Similarly to GF,, mass growth factor (GF,) is also widely employed* "% and it is
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defined as the ratio between the mass of the particle at a certain RH (m(RH)) and its
dry mass:

_ m(RH)

mdry

GF,, 2.12

Mass fraction (mfs) or molality (b) as a function of the solution water activity can also
be found to describe the water uptake by a solution droplet?™? 12, Note that both mfs
and b tend to O for a,—1, and that formally mfs is the reciprocal of GF,,.

m 1
mfs=—2=___ 2.13
Mor  GEp
n
h=—2¥ 214
My,o

(Note that in the expression for molality the mass of water is expressed in kg).

When the hygroscopic properties need to be characterised on a molecular level™!0%10
growth curves are represented in terms of absorbed moles of water per mole of solute in
the solution:

nHZO/nsolute 2.15

An alternative to the most common representation for hygroscopic proprieties discussed
so far, stoichiometric osmotic coefficients (¢s) vs. molality plots are also used for
example fundamental studies that investigate the hygroscopic properties of a chemical
species or of mixtures for parameterisation for thermodynamic models™ %1% (Section
2.2). Osmotic coefficients are related to the water activity in solution according to Eq.
2.16 and they indicate the deviation of the behaviour of the solvent from ideality.

—In (ay)

st = Gnye - M,,/1000)

2.16

In the expression of osmotic coefficients, M, is the molecular mass of water and my
represents the stoichiometric molality, i.e. the sum of the molalities of all the ions in
solution. An osmotic coefficient of 1 means ideal behaviour of the solvent and this values
is approached for increasingly diluted solutions.
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2.2 Modelling the Hygroscopic Properties of
Aerosols

The understanding and modelling of the hygroscopic properties of aerosols is
fundamental for predicting their water content and size distributions in a number of
different applications: for the prediction of the activity of particles in clouds

24,107 108 and of their direct and

formation , for the modelling of their optical properties
indirect radiative forcing on the atmosphere'® """ (Section 1.2.1), for the determination
the partitioning of semi-volatile organic compounds (SVOCs) in the condensed aerosol
phase®?® The capacity for aerosols to absorb water can also influence their deposition in
the respiratory track on inhalation, potentially influencing the impact of aerosols on
health?” (Section 1.2.2). An accurate prediction of the phase transition RHs of particles
composed of complex mixtures of chemical species is also desirable for the understanding
and the prediction of the effects of aerosol particles deposited on surfaces of interest (i.e.

electronics, cultural heritage artifacts, etc.)!"? (Section 1.2.3).

Different approaches have been developed in the literature for the modelling of aerosols
hygroscopic properties. Rigorous thermodynamic models for calculating the hygroscopic
response of mixed component aerosol have been developed based on bulk phase and
aerosol phase measurements of the equilibrium response of binary solutions of a single
solute and water. The Extended Aerosol Inorganics Model (E-AIM)!'"'*!" is one of the
most widespread thermodynamic aerosol models and its thermodynamic treatments are
widely applied in other models (e.g. ADDEM">!'6" ISORROPIA"™¥). Tt allows the
calculation of the partitioning equilibrium between a solid, two liquid (aqueous and
hydrophobic) phases and a gas phase of systems containing H'-NH;'-Na'-SO,*-NO,-CI~-
BR-H,0-organics at variable temperature ranges (depending on the considered system,
overall T range: 200-330 K). The equilibrium state of the considered aerosol system is
calculated by an iterative minimisation of its Gibbs free energy. In E-AIM Model, the
activity coefficients of water and of the dissolved inorganic electrolytes are calculated
using the Pitzer-Simonson-Clegg (PSC) equations, whereas a simplified treatment is
applied for solutions containing both electrolytes and organics''.

To represent the equilibrium properties of solutions containing the myriad of potential
organic compounds found in the atmosphere, it is often necessary to resort to functional
group activity models which require consideration of the interactions between electrolytes
and organic species. In this respect, UNIFAC' (Universal Quasichemical Functional
Group Activity Coefficient) is a commonly used semi-empirical group contribution
method, which estimates the activity of non-electrolytic species by breaking down
complex molecules into their fundamental constituent functional groups and smaller
structural units. The advantage of the UNIFAC approach is clearly reducing the
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complexity of multifunctional organic molecules for which direct parameterisations could
not be available. On the other hand, this represents a simplified approach that has some
intrinsic  limitations, especially relating to calculations of systems containing
multifunctional compounds and polar groups (e.g. -OH, -COOH)"™'. AIOMFAC
model'#*!?* (Aerosol Inorganic-Organic Mixtures Functional Group Activity Coefficients
model) is another literature thermodynamic model that combines a modified UNIFAC
approach for organic compounds and a Pitzer-like approach for electrolytes.

When rigorous thermodynamic approaches are combined with treatments of solution
density and surface tension, accurate predictions of the variation in equilibrium particle
size with relative humidity are possible. An example of this is given by ADDEM
model'>1% which couples E-AIM Model thermodynamic treatment and estimations of
the Kelvin effect (Section 2.1.3) to account for the surface curvature of small droplets in
the prediction of the equilibrium state of an aerosol system.

However, there is also a requirement to provide models of hygroscopic growth that are
tractable in computational models of atmospheric chemistry, radiative transfer and
climate models. To achieve this, models such as k-Kohler theory have been developed to
represent the hygroscopicity of aerosol particles using a single value of k, which is related
to the radial growth factor by Eq. 2.17:

a, )1/3

E=(1
GE, (+K1—aw

2.17

For organic compounds, k value is between 0 (non-hygroscopic compounds) and 0.5 (very
hygroscopic), whereas k>0.5 for most hygroscopic inorganic species (e.g. (NH;)2SOy,
NaCl)'#+1% Measurements of k have been made for aerosols varying in complexity from
binary component solution aerosol through to the complex multi-component mixtures
found in the atmospheric aerosols™12:127 A deviation of the ¥ parameter from a constant
value is found when the RH is far from saturation'?’, because the non-ideality of more
concentrated solutions become more significant and the assumptions of the wk-Kohler
theory are no longer valid. In addition, estimates of the critical supersaturation for CCN
activation (Section 2.1.4) inferred from sub-saturated determinations of k are often
inconsistent with values determined directly from super-saturated measurements™™. This
highlights the need of measurements at values close to saturation to obtain « values
close to the infinite dilution limit that are not affected by such non-ideal behaviour. In
addition, although the molecular complexity of secondary organic aerosol (SOA)
precludes an accurate treatment of hygroscopic growth that explicitly accounts for each
compound individually, simple empirical correlations that seek to exploit dependencies on
average measures of composition (e.g. the variation of k with O:C ratio) are often poorly

defined and, at best, appropriate only for specific SOA precursors and environmental

29



Chapter 2. Thermodynamic Properties of Aerosols and Water Evaporation Kinetics from Droplets

conditions™'%1%", Hence, all this suggests that trying to reduce the complexity of
hygroscopic properties by using single parameters relations, such as k and O:C
parameterisations, is not as straightforward as one would wish.

Besides the various approximations that underlie each aerosol model in the literature and
the consequent uncertainties that arise from any simplified approach, there are also
chemico-physical processes related to the nature of aerosol particles themselves that
make the modelling of their hygroscopic properties even more complicated. For example,
the slow deliquescence and low solubility of some organic components present challenges

12 Liquid-liquid phase separation

in interpreting measurements of hygroscopic growth
into internal mixtures of hydrophobic and hydrophilic phases in mixed component
aerosol remains a challenge in predicting equilibrium properties?*'®. The extent of the
depression of surface tension by surface active organic components and the interplay of
surface and bulk partitioning in determining the critical supersaturation is often difficult
to resolve® !, Finally, the kinetics of water, VOC and SVOC condensation are often
poorly determined with few quantitative measurements of the mass accommodation
coefficients of organic species in particular!!:#2.1%,

In order to address the challenges in quantifying hygroscopicity for aerosols of complex
composition, refinements in laboratory and field instrumentation, and improved
frameworks for representing hygroscopicity, are required®. Hygroscopic growth
measurements must be made up to water activities close to the dilute limit, ideally as
high as 0.999. Such high a, values are required for measurements to be directly relevant
to CCN activation'® and to place tighter constraints on the equilibrium solution
compositions required to underpin the development of predictive models'®. Single
particle techniques represent a powerful tool for providing hygroscopicity measurements
up to high a, values. Specifically, the experimental technique proposed in Chapter 5 and
applied in this work is very promising in this sense. On the other side, laboratory and
field reliable measurements on atmospheric aerosols are needed, not only to characterise
the hygroscopic behaviour of aerosols as they are actually found in the atmosphere, but
also to provide data for the validation of the evolving thermodynamic models. The
schematics in Figure 2.6 displays the process needed for the refinement of

thermodynamic models just described.

The aerosol thermodynamic models discussed so far in this Section are able to provide
prediction of the equilibrium hygroscopic properties of aerosols. For this reason, with
respect to the phase transitions of aerosol particles, they are able to simulate
deliquescence processes but not the crystallization of particles, since it is not an

equilibrium process (Section 2.1.1).
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Figure 2.6: Processes for the development and refinement of current aerosol
thermodynamic models.

In the literature, the only approach found for the modelling of CRH is a parametric
model derived for a pure saline aerosol system of SO*-NO;-NH,"-H'-H,O by Martin et
al. (2003)'*. Since the parameterisation of this model are derived from the measurement
of CRH for pure saline aerosol particles, it only considers homogeneous nucleation
processes, without taking into account any effects of different kinds of inclusions
embedded within an aerosol particle (i.e. silicates, organics, etc.) that can promote
heterogeneous nucleation®™!*". The implications of this are discussed further on in Section
4.2.2 and below just a brief description of the model is provided. The CRH parametric
model by Martin et al. (2003)'* is composed of two different empirical equations as a
function of the ammonium over ammonium plus hydrogen fraction X and of the sulphate
fraction Y, calculated over the sulphate+nitrate content:

X =nyy+/(g+ +nyys) 2.18
Y = ngo2-/(yos + Ngp2-) 2.19

The two expressions that compose this parametric model are reported in Eq. 2.18 and
2.21 and allow the calculation of the RH at which crystallization begins (CRHgar) and
the RH at which the crystallization process ends (CRHcn), respectively. Both the
equations for CRHgre and CRHenq refer to a temperature of 20 °C.

CRHgpare(X,Y) = —697.908 — 15.351X + 0.43X2 — 22.11Y

+33.882XY — 1.818X2Y + 0.772Y2 — 1.636XY?
17707.6 2.20

T (X =0 —05)

CRH,py(X,Y) = 3143.44 + 63.07X + 0.114X2 + 87.97Y — 125.73XY
+ 0.586X2Y + 0.95Y2 — 1.384XY?2
79692.5 2.21

25+ (X —0.7)(Y —0.5)
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2.3 Aerosol Evaporation and Condensation
Kinetics

In Section 2.1.2; the equilibrium partitioning of water between the gas and the condensed
phase of aerosol particles was described. In this Section, the response of an aerosol
system to the perturbation of an equilibrium state is discussed and a literature
theoretical framework for the modelling of dynamic mass transport to and from a droplet
is presented.

In order to restore the equilibrium that has been perturbed by a variation of the external
conditions experienced by an aerosol aqueous droplet (e.g. a variation in the gas phase
RH that surrounds it), the response of the aerosol system is going to be either gas
evaporation or condensation from or to the condensed phase. Note that for the following
discussion, only the evaporation case is going to be addressed, but all the presented
discussion is valid for condensation processes too. In fact, thanks to the principle of
microscopic reversibility®!* condensation and evaporation can be considered equivalent
but opposite processes and they can be described within the same theoretical framework.
In addition, water is going to be considered the only evaporating species below, even
though this treatment can be applied to any other volatile species.

Eq. 2.6 evidenced that, in an equilibrium state, the water activity within an aqueous
solution droplet is equal to the gas phase RH. Figure 2.7 schematises a non-equilibrium
situation and the dynamic response of a droplet with initial radius a that experiences a
gas phase RH lower than its a, (Panel A). The concentration of water in the gas phase
decreases the further from the droplet surface and reaches a stable value in the ‘bulk’ of
the gas phase, according to Fick’s laws of diffusion'’. In response to this perturbed
situation (aw #RH), water evaporates from the droplet, the water activity in solution
decreases and the radius of the droplet decreases in time from a to a’ (Panel B). The
driving force of water evaporation is the spontaneous tendency of the system to re-
estabilish the perturbed equilibrium, so that from a situation in which a,>RH (Figure
2.7-A/B) tends to evolve towards a,=RH (Figure 2.7-C). In Panel C, the water activity
in solution has finally equilibrated with the gas phase RH, no further water evaporation
is observed and the droplet has reached an equilibrated size (a.,) such that a,=RH.

The described mass transport of water from a droplet to the gas phase during
evaporation is coupled to heat transfer, as well. The heat transport from the droplet to
the gas phase is due to the removal of latent heat of vaporisation (L) associated with this
phase change. For an accurate modelling of water evaporation kinetics, the mass and
heat transport need to be coupled. The approach used in this and in other previous
17,96,

M that employed the same experimental setup and a similar experimental
32
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approach to the one used in this thesis (Chapters 6 and 7) for the coupling of mass and
heat transport is that of Kulmala et al. (1993)'%.
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Figure 2.7: Water evaporation dynamics from a non-equilibrium state (Panel A)
to an equilibrium state (Panel C).

45 allow the

The mass and heat transport equations from Kulmala and co-workers (1993)
modelling of the evaporation and condensation kinetics of water or other volatile species
from/to aerosol droplets. The mass flux (/) from a droplet with radius a is expressed as

in Eq. 2.22:

RT,, ay, L2, My, 1

+
MWDWﬁMp](/)V (To)A  KRprTE

I = —4na(S, — a,,) 2.22

S is the saturation ratio of water in the surrounding gas phase (also referred to as RH
throughout this work), a., is the water activity in the droplet solution, R is the ideal gas
constant, T is the gas phase temperature, Ly is the latent heat of vaporisation of water,
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My is the molar mass of water, Dy is the diffusion coefficient of water in the gas phase,
p(T,) is the saturation vapour pressure of water at T, K is the thermal conductivity
of the gas phase and A is the Stefan flow correction, which accounts for convective

transport generated at an interface by the removal of evaporating water molecules (Eq.
2.23).

Seo + ay
A=1+p°(T,)—— 2.23
2p

In Eq. 2.22, By and Br are the mass and thermal transition correction factors
respectively'®®, They take into account different mass and heat transport dynamics for
droplets with variable sizes that can be described by means of the Knudsen number
(Kn=A/a), a dimensionless parameter that represents the ratio between the mean free
path of molecule in the gas phase and the radius of the droplet. The kinetics evaporation
of droplets with Kn>>1 (a¢>1000 nm) is governed by macroscopic gas diffusion laws,
whereas droplets with An<<l (a<100 nm) cannot be described with the same
macroscopic laws since their evaporation is influenced by the random motion of
molecules. The By and By transition correction factors are needed to reconcile the two
different behaviour in the transition regime (100 nm<a<1000 nm, Kn~1) and take into
account this free molecule behaviour in the area surrounding a droplet within one mean
free path from its surface. The expression for By is reported in Eq. 2.24 and it is
analogous to the one of B1.

1+ Kny

ﬁM: 4

4 2
1+ (m +0337) Kny, + Ta K

2.24

The parameter oy is termed mass accommodation coefficient and it represents the
fraction of water molecules that are absorbed into the droplet bulk when they strike the
surface. In this work, an=1 is assumed, in agreement with previous studies which have
reported the value of oy for water accommodating/evaporation from a water
surface'*!"*17 Similarly to au, the thermal accommodation coefficient (a4) indicates the
efficiency with which a colliding water molecule is able to transfer energy to the droplet
and is included in the expression for Bs, the heat transition correction factor. In this
study, or was maintained constant at 1, in agreement with literature works on aqueous
solution droplets!#14,

Note that all the thermophysical parameters that appear in the mass flux treatment from
Kulmala et al. (1993)'"® and their uncertainties have been thoroughly discussed in

previous publications!™%141:143,
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Having discussed the meaning of all the terms Eq. 2.22, its physical meaning can now be
discussed. First of all, the mass flux (I) of water leaving an evaporating droplet
represents the evaporation rate, since from the dimensional analysis of Eq. 2.22 [ results
expressed in terms of kg s!. Furthermore, from the relation in Eq. 2.22, the mass flux
(i.e. the evaporation rate of water) is dependent on the concentration gradient of the
evaporating species from the droplet surface to infinite distance, as schematically shown
in Figure 2.7 (where a fast evaporation in Panel A is represented by three arrows and a
slower evaporation is expressed with two arrows in Panel B). In fact, the higher the
difference Sy — a, in Eq. 2.22 the higher the mass flux leaving the droplet. This means
that faster evaporation rates are observed the more the studied aerosol system is far from
the thermodynamic equilibrium.

The presented evaporation and condensation kinetics model by Kulmala et al. (1993)'% is
applied in Chapters 6 and 7 for the characterisation of the equilibrium hygroscopic
properties of binary or ternary aerosol systems from the measurement of the water
evaporation rate of single confined droplets.

2.4 Summary

In this Chapter, the thermodynamics that govern the partitioning of water between the
vapour phase and the condensed phase of an aerosol were presented.

The phase transitions of simple saline systems were discussed at first, and the hysteresis
that characterises deliquescence and crystallization processes was shown. The equilibrium
water uptake following deliquescence was then described and it was pointed out that for
large solution droplets in equilibrium with water vapour, the water activity within the
solution is equal to the relative humidity in the gas phase. deviations from this

This represents the driving force for water evaporation or condensation from/to droplets
that are not in equilibrium with the surrounding RH, because aerosol systems
spontaneously tend to the equilibrium state. A literature modelling framework for the
description of evaporation and condensation kinetics of water was presented and it is
applied in Chapters 6 and 7 for the interpretation of evaporation profiles of single
confined droplets.
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Chapter 3  Electrical Conductance
Measurements in the Aerosol

Exposure Chamber

The experimental techniques for the determination of the hygroscopic properties of
aerosols are numerous and diverse, as discussed in Section 1.3. Electrical conductance
measurements for the determination of phase transitions of pure salts and of deposited
atmospheric aerosols have been employed in a number of studies and they mainly differ
on the considered substrates and on how particles are deposited on their surfaces. The
aim of this Chapter is to give an overview of the different approaches that have been
proposed in the literature for these conductance measurements, in order to give an
overview of the background of the conductance experimental method used in this work.
The Aerosol Exposure Chamber is then described and all the preliminary tests on the
applied electrical conductance method are also discussed. Both PM, 5 atmospheric aerosol
and laboratory generated samples have been considered in this work. Therefore, a brief
description of the atmospheric aerosol PM,; sampling and chemical characterisation is
given, together with the illustration of the techniques used for the generation of
laboratory aerosol samples.

3.1 Determining DRH and CRH with
Conductivity Measurements

The basic idea that underlies the application of electrical conductance measurements for
the determination of phase transitions of hygroscopic compounds is relatively simple:
when a saline substance deliquesces, it forms a saturated electrolytic solution that is
electrically conductive. When the relative humidity in the surrounding atmosphere is
increased beyond the DRH of the substance, more water is absorbed and the initially
saturated solution gets increasingly more diluted; the conductance of the solution keeps
rising because the number of free charge carriers increases as the solution gets more
diluted. However, the solution can reach a certain critical concentration at which a
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further decrease in the electrolytes concentration results in a decrease of conductance
because the solution becomes more and more diluted" !, If the RH of the gas phase is
then decreased, during the dehumidification the opposite processes take place: water
evaporates from the aerosol particles and the solution becomes more concentrated. As
discussed in Section 2.1.1, when the DRH is exceeded during dehumidification no
immediate crystallization occurs but the solution gets supersaturated and its conductance
is still just slightly decreasing. In correspondence to the crystallization of the saline
components (CRH) a stronger decrease in conductance is registered in a small RH range.

These chemical-physical properties of the hygroscopic species present in atmospheric
aerosol particles were exploited in the literature to individuate the phase transitions of
both single saline components and of more complex atmospheric aerosol. All the
experimental approaches that carry out electrical conductance measurements for the
determination of phase transitions of hygroscopic components can be defined ‘indirect’,
since no direct observation of deliquescence or crystallisation processes are involved. On
the contrary, microscopy and optical techniques (see Section 1.3) can be defined ‘direct’,
because they involve the actual observation of water absorption (evaporation) during
deliquescence (crystallisation). The different conductance techniques used the literature
are reviewed in Section 3.1.1, the differences between them are highlighted and some
solutions to overcome the setbacks of common literature approaches are proposed.

3.1.1 Conductivity Measurements on Aerosols in the

Literature

The large majority of the literature works that apply electrical conductivity
measurements for the determination of the phase transitions of aerosol particles are
related to the study of the electrical failure of PCBs (printed circuit boards). The
implications related to this aspect are discussed in detail in Sections 4.3.1 and 4.3.2.
Anyway, for this reason, the preferred substrates for these literature studies are in many
cases test boards® 9915219 If pure saline components are considered, small droplets of
solution with known chemical composition can be either distributed on the substrate by

14 simply deposited on the board®' which is then

means of a spin coating technique
dried before the RH cycle, or by atomizing a salt solution and subsequently drying the
resulting droplets that are then deposited on the boards in a controlled environmental
chamber*3, If atmospheric aerosols are studied, particles are either collected from an
environment of interest (e.g., a Data Center, see Section 4.3.1) and distributed on the
board surface by means of a brush® (in agreement with the proposed method by the

2011 guidelines from ASHRAE'S American Society of Heating, Refrigerating, and Air-
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Conditioning Engineers), collected by washing a contaminated device with water and
isopropyl alcohol and depositing on another test board the obtained solution® or by
exposing the boards for long periods (weeks or months) in order to simulate a ‘real’
exposure to atmospheric aerosols'”. When PCBs are directly contaminated with
particles, typical experiments consist in measuring either the leakage current or the
impedance degradation caused by deposited particles between two neighbouring plates

during RH cycles.

A peculiar technique was employed by Schindelholz et al.'®, who measured the variation
of the impedance of a microelectrode sensor (commonly used as RH and rainfall sensors)
to study the hygroscopicity of deposited saline particles in RH cycles. A completely
different kind of support was considered by Yang et al.'"’, who soaked porous filtration
paper sheets with saturated solutions of different salts and their mixtures and measured
the variations of impedance during RH cycles.

All these techniques present benefices and disadvantages at the same time. Directly
testing the effect of deposited particles on PCBs is desirable if their failure mechanisms
are investigated. Testing pure salts solutions or their mixtures can be a good first
approach not only to validate an analytical technique but also to evaluate the effects
that these hygroscopic components have in electrical failure processes of PCBs, which is
a relevant aspect since the saline components are the major responsible in the
determination of the phase transitions of aerosol particles (Section 2.1.1). On the other
side, in this way the role of other possible insoluble conductive species of atmospheric
aerosols that can have some effects is neglected (see the evaluation of the role of
conductive soot particles in Section 4.3.2). Besides, when the behaviour of deposited
atmospheric aerosol particles is evaluated, the deposition methods described in the
previously mentioned works® %% do not provide a reliable and reproducible procedure to
make sure that the deposited particles are actually representative of those that can
deposit on electronics in their operation environment, especially in terms of particles sizes
and homogeneity of their surficial distributions.

Some work has been recently done to propose innovative techniques to overcome these
disadvantages. The conductance measurements on PM.; samples presented in this work
and discussed by Ferrero et al. (2014)""? and by D’Angelo et al. (2016)'% go in this
direction: the size distribution of the collected aerosol particles is controlled by the PM.
sampling (Section 3.3) and a portion of the collected sample can be used to characterize
the chemical composition of the sample (Section 3.5), so that the chemical-physical
properties of the samples that undergo the electrical conductance measurements (Section
3.2) are known. A different sampling method was also proposed by D’Angelo (2016)'
and Casati (2016)'%, which consists in a ROTating impactOR (ROTOR). Unlike usual

cascade impactors, with which the collected particles are deposited along a rectangular
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thin spot, in this device the sampling noozles are slowly rotated so that the sampling of
circular homogeneous deposition spots can be carried out on non-filtering substrates
virtually of any kind. A different approach was proposed by Casati et al. (2016)'®*, who
designed a deposition box for the controlled dry deposition of total suspended particles
(TSP) on non-filtering substrates with standardised deposition rates. This sampling
technique was specifically designed for the evaluation of particle-induced decay
mechanisms on materials used cultural heritage artefacts (Section 4.3.3).

3.2 The Aerosol Exposure Chamber

The Aerosol Exposure Chamber (AEC, Figure 3.1) is a controlled environmental glass
chamber with an internal volume of 1 m?® It was developed at first for the electrical
conductance measurements on deposited aerosol samples that are described in this work
but it was designed to be versatile and to allow other kind of experiments that require

controlled relative humidity and temperature conditions to be performed.

Figure 3.1: Frontal view of the Aerosol Exposure Chamber (AEC).

The AEC experimental setup is shown in Figure 3.2. Each of the three side walls of the
chamber are equipped with six inert PTFE bypasses that give access to its inner
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controlled environment in order to allow measurements and to vary the RH inside the
AEC. A temperature and RH probe was used to monitor the conditions during the RH
cycles (DMA572.1 probe with ELO008 M-Log Mini Data logger, LSI-Lastem; time
resolution: 1 s; accuracy on RH: +1% between 5 and 95% RH at 23°C; accuracy on T:
+0.1°C). The relative humidity in the chamber is decreased by phasing pure dry air
(Aria Zero, Sapio) or increased with humidified pure air obtained by forcing an air flow
through a sealed vessel saturated with water vapour (Milli-Q, Millipore, 18.2 MQ cm @
25°C). To make sure that the conditions inside the AEC are homogenous, a fan is
operated during the RH cycles; in order not to direct an air flow straight to the samples,
the fan is set at a 45° angle in respect to the back wall, on which it is placed, and
slightly oriented to the ceiling of the chamber. A ventilation valve is also placed on one
of the top corners of the back wall, so that the excess gas pressure that is formed in the
sealed chamber because of the forced introduction of dry or wet pure air can be removed.
The humidity cycles were performed with 1% RH steps in order to obtain good resolution
in the measured conductivity curves, which results in a greater accuracy of the DRH and
CRH estimated values than those reported in literature for similar methods but with
lower RH resolution®+?, All the measurements in this work were performed at a constant

temperature of 25°C.
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Figure 3.2: Scheme of the experimental setup, representing a top view of the

AEC.

The front wall of the AEC can be opened and resealed allowing the placement of the
aerosol samples on specifically designed filter housings. Up to six of these housings can be
placed in the chamber to perform the conductance measurements on six aerosol samples

41



Chapter 3. Electrical Conductance Measurements in the Aerosol Exposure Chamber

at a time during each RH cycle (Figure 3.2). The filter housings consist in a PTFE
support and of a pair of electrodes set at a calibrated distance (either 5 or 2.5 mm) for
the measurement of the variations in the conductance of the analyzed samples. Two
different systems were used for the electrical conductance measurements: a HP 3421A
module (electrical resistance detection limit: 30 M) at first and then a system composed
of a multimeter (Agilent 34411A; electrical resistance detection limit: 1 GQ) coupled to a
multiplexer (Agilent L4421A), that allows consecutive conductance measurements on
different acquisition channels (six in this case, one for each of the six filter housings). A
software interface (LabVIEW, National Instruments) was developed to control the
measuring instrumentation. For each RH step, seven electrical conductance
measurements are taken for each sample and averaged, with the highest and lowest of
the measured values excluded from the calculation of the mean conductance from each
acquisition channel.

3.2.1 Measurement of the Conductance of Deposited

Aerosol Samples during RH Cycles

Before conductance measurements in the AEC, each sample is placed in a drier for 24 h
in the darkness, so that their temperature can equilibrate with ambient temperature,
which is necessary since they are kept in at -20 °C prior to the measurements. Once the
samples are placed in the filter housings and connected to the electrodes for the electrical
measurement, the chamber is sealed and the RH is kept at 30% for at least half an hour.

Figure 3.3 shows a typical electrical conductance measurement (G) on a PM,; sample as
a function of the relative humidity applied in the AEC during both humidification (blue
circles) and dehumidification (red circles). Note that this and all the collected
conductance curves were interpolated with a cubic spline every 1 % RH, in order to
allow the comparison of conductivity curves from different samples that underwent
separate RH cycles. DRH and CRH values together with the deliquescence and

crystallization regions can be individuated as described in the work of Ferrero et al.!'2,

The DRH and the CRH correspond to the maximum in the gradient (dG/dRH) of the
humidification and dehumidification curves, respectively. The RH ranges in which the
two opposite transitions take place are individuated where the gradient curve presents its
greatest variations and significantly deviates from zero. The extremes of the
deliquescence ranges are termed DRHgai and DRHe, whereas the extremes of the
crystallisation region are defined as CRHgare and CRHeng.

42



Chapter 3. Electrical Conductance Measurements in the Aerosol Exposure Chamber

As a case study, a spring sample is shown (PM,;, 264.8 ng em™ on filter, collected on
14/03/2009, MI-TS site, 24 hours sampling). Within the humidification curve (blue
circles), a ‘dry’ region can be individuated al low RH before the electrical activation
point (black asterisk at RH=46%); this is then followed by the deliquescence region,
which is characterised by a strong increase in electrical conductance, and by a following
hygroscopic growth region. A similar behaviour is observed for the dehumidification
curve (red circles), but the two branches registered during the humidity cycle show a
well-rendered hysteretic behaviour, in agreement with literature studies®*™'%. In facts, on
the basis of the maximum gradient method the DRH is individuated at 46% RH and the
CRH at 57% RH. The deliquescence region lies between 50% and 62% RH and the
corresponding increase in conductance (A Gueiguescence) in this range is 17.23 pS. The
crystallization region is located between 45% and 49% RH and it is characterized by a
9.91 uS conductance drop (A Gurystaization)-

Conductance trends as a function of the applied RH as similar to the curves reported in
Figure 3.3 are in keeping with the shape of those reported by Yang et al.'® and by Song
et al.') who used similar conductance methods (Section 3.1.1). However, while Yang et
al.’ determined the DRH as the mid-point of the RH region where the largest change in
conductivity was observed, Song et al.%! did not identify the DRH but defined a critical
transition range (a proxy of the DRH region) as the RH range between the start of
impedance degradation (increase in conductivity) and a failure threshold level of 1M (1
1S in terms of conductance).

Not all the analysed samples showed a strong increase (decrease) in conductance in
correspondence to the deliquescence (crystallisation) of the soluble components. Ten
atmospheric aerosol samples showed a gradual increase in conductance during
humidification and a gradual decrease during dehumidification. An example of this kind
of behaviour is shown in Figure 3.4 (sample: PM,5, 74.66 ng cm? on filter, collected on
30/07/2013, MI-TS site, 24 hours sampling). The reason behind similar behaviour is
likely the presence of organic compounds (i.e. carboxylic acids, alcohols, SOA, humic like
substances, levoglucosan) that alter the deliquescent behaviour of inorganic saltg?90:9291.9,
Carboxylic acids were quantified in this study (Section 3.5) but their content in samples
that showed a gradual hygroscopic growth behaviour was on average similar to samples
for which deliquescence and crystallisation were observed (see Section 4.1.1). The
chemical composition of the organic fraction of the analysed samples was not
characterised and therefore such non-deliquescent hygroscopic behaviour observed with
conductance measurements could not be investigated any further.
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Figure 3.3: Typical electrical conductance (G) measurements during a humidity
cycle (RH) in the AEC. Symbols: black asterisk — electrical activation point;
circles — measured electrical conductance. Dashed lines — conductivity curves

gradient, dG/dRH. Colours: blue — humidification; red — dehumidification. The

shaded envelopes represent +1% uncertainty on the measured RH.
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Figure 3.4: Measured conductance (G) vs. RH for a sample that did not show a
deliquescent behaviour but a gradual increase in conductance with increasing
RH. Symbols: circles — measured electrical conductance. Dashed lines —
conductivity curves gradient, dG/dRH. Colours: blue — humidification; red —
dehumidification. The shaded envelopes represent +1% uncertainty on the
measured RH.
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3.3 Sampling of Atmospheric Aerosols

For the purposes of this work, PM,; samples collected during the period 2006-2014 (in
compliance with EN-14907), were analysed. The PM,; was sampled using the FAI-Hydra
dual channel Low-Volume-Sampler (LVS; 2.3 m? h'!, 24 hours of sampling time, 47 mm
PTFE filters with an sampling diameter of 39 mm). The PM,5 samples were collected in
Milan at the Torre Sarca site (MI-TS; 45°31'19”N, 9°12’46”E), which is situated in the
centre of the Po Valley, a European aerosol pollution hotspot!6*16, The MI-TS sampling
site has been active since 2005 within the campus of the University of Milan-Bicocca. A
full description of the site and the related aerosol properties (chemistry, sources, vertical
profiles and toxicity) is given in a series of previous studies®™'*'™. In addition, samples
collected at the rural site of ‘Oasi Le Bine’ (OB, 45° 8'17.24”N 10°26'10.99'E) we
analysed. This second sampling site is still located within the Po Valley but it is defined
as rural since it is situated in a natural reserve far from any major city®!™.

After collecting the PM.; samples, the filters were dried out and stored in darkness at -
20°C at the Filter Bank of the University of Milano-Bicocca, that has been specially
designed for the collection and storage of PM samples to be used later (after sampling) in
order to investigate new aspects of aerosol science.

In order to both measure the DRH and CRH using the conductance method described in
Section 3.2.1 and characterise their ionic fraction chemical composition (Section 3.5), the
PM,; samples were cut exactly into two halves. One half was analysed in the Aerosol
Exposure Chamber, whereas the other half was used to determine the chemical
composition of the ionic fraction. The uniformity of PM samples on filters has been
examined in a previous work!”, and this allowed the use of different portions of the filter
to investigate different chemico-physical aspects of the same collected aerosol sample.

3.4 Laboratory Generated Aerosol Samples

Beside atmospheric aerosol samples, different aerosol types (soot only, saline only,
externally mixed saline and soot) were produced in the laboratory and analysed.
Similarly to the atmospheric aerosol samples, the laboratory generated samples too were
exposed to humidification and dehumidification cycles in the AEC and to ion
chromatography analysis, in order to compare the obtained DRH of saline components
with literature data and E-AIM Model calculations. The aim of this analysis (Section
3.6.4.1) was testing the validity of the proposed conductance method. In addition, these
laboratory generated aerosol samples allowed the investigation of the role of different
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chemical components in the determination of the electrical conductivity properties of
aerosols (Section 4.3.2),

First of all, soot particles were generated from an acetylene non-premixed diffusion flame.
Acetylene was produced from a controlled reaction between ultrapure water and calcium
carbide. The generated acetylene was gurgled in ultrapure water in order to prevent any
particle or solid contaminant to reach the flame. In addition, the gurgler avoids any
possible backfire to the acetylene generation unit and represents an important safety
component in this experimental setup. The flame was constantly kept at a height of 5 cm
and the generated soot was sampled by means of a glass cone placed above the flame
itself. In order to characterise the chemical-physical features of the generated soot, it was
analyzed with a Thermal Optical Transmission method'™ (TOT, Sunset Laboratory inc.;
NIOSH 5040 procedure) to quantify the elemental and organic carbon (EC and OC)
content. The measured EC percentage on the total carbon content (TC) was determined
on three soot samples and it was on average 95.2+2.5%. This average percentage
indicates a low content of organic matter and is in agreement with what found in
literature for acetylene flame soot'™ ™. In addition, the same samples were analyzed with
gas chromatography according to the method described by Pietrogrande et al. (2010)'7
for the quantification of polycyclic aromatic hydrocarbons (PAHs) and n-alkanes (Ca-
Cy), in order to verify the low content of organic species found with TOT measurements.
On average, 104462 pg of PAHs were quantified per gram of deposited PM mass while
the content of n-alkanes was 3054184 pg jg'. If these amounts are compared with the
average concentrations of PAHs and n-alkanes measured in atmospheric aerosols at the
MI-TS site (PAHs from 100 to 600 pg jg', n-alkanes in the 800-3000 pg }g"' range, annual
ranges®) the PAHs and n-alkanes content in the laboratory generated soot samples is

either much lower or comparable with concentrations found in atmospheric aerosols at
MI-TS.

Beside its chemical characterization, the number size distribution of the generated soot
was determined by means of an SMPS 3936 (Scanning Mobility Particle Sizer, TSI Inc.)
and it was found to be bimodal, with the two maximums at 60 nm and 270 nm,
respectively. The generated soot conductance was also measured for eight soot samples (3
to 20 |g cm™ deposited on a PTFE filter) with the same experimental setup described in
Section 3.2. The measured conductivities were in the 20-180 |S range at 30% RH, which
is comparable to what measured for the soot from a gas turbine engine by Popovicheva
et al. (2003)'".

Pure saline aerosols were generated from aqueous solutions by means of the Aerosol
Generator ATM 220 (Topas GmbH). The saline components considered used for the
aerosol generation were (NH,):SO4, NH/NO; and Na,SO, because they are among the
most abundant inorganic species found in atmospheric aerosols (Section 1.1.1). Mixtures
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of ammonium sulphate and ammonium nitrate (WI-mix and SU-mix) were also
considered and the relative abundances of the two salts reflect their Winter and Summer
concentrations in the Po Valley® (Wl-mix: 24% (NH4)2S0, + 76% NH4NO3; SU-mix: 86%
(NH,)2SO4 + 14% NH4NO;, on a mass basis). All the starting solutions were prepared at
a concentration of ~2.5 - 10! ppm, in order to achieve satisfactory particles concentrations
according to the manufacturer specifications for the Aerosol Generator. The number size
distribution of the generated aerosol was characterized with the SMPS, too (monomodal,
maximum at 280 nm).

First of all, pure saline samples (three repetitions for each of the three considered salts)
were generated and they were exposed to humidification and dehumidification cycles in
the AEC (Section 3.2). At a later stage, mixed soot and saline aerosols were generated
simultaneously and separately in two different Sampling Chambers (50 L volume each,
PTFE), as shown in the schematic in Figure 3.5. All the generated aerosols were
collected on PTFE filters (@=37 mm, PTFE, 2 pm porosity) by means of a pump
(Leland Legacy, SKC, 15 L/min flow). In order to obtain well externally-mixed generated
aerosol samples, the two flows from the two Sampling Chambers were conveyed through
a three-ways glass connector, which couples the two flows before they get to the PTFE
filtration membranes. In order to minimise contamination between two consecutive
aerosol generation experiments, the two Sampling Chambers were cleaned with a pure air
flow for at least three times their volume.

Compressed ——> | Sampling
gir Chamber 1
(50 L)

t
LH K Filter
(] aime 1
4

Sampling

Chamber 2
‘ (50 L)

2* Soot

g

Figure 3.5: Generation of mixed saline and soot aerosol samples in the

Pump

Acetylene

laboratory.
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A total of 12 mixed saline and soot samples were generated. Their ionic content was
quantified by ion chromatography (Section 3.5) and it resulted on average of 73.3 +
5.5% on the overall deposited mass. The possible presence of other contaminant ionic
species from the previous generation experiment was also assessed. This kind of
impurities was quantified to be on average of 1.5+1.6 wt% of the overall sampled mass;
the effect of such impurities is discussed in Section 3.6.4.1.

3.5 Ionic Fraction Characterisation with Ion

Chromatography Analysis

The chemical composition of aerosol particles determine their hygroscopic properties and
their deliquescence and crystallisation relative humidities®*?:1% Thus, the other half of
the PMs; samples that did not undergo RH cycles and conductance measurements in the
AEC were used for ion chromatography (IC) analysis to determine the chemical
composition of the ionic fraction of the samples.

The water-soluble fraction of the collected PM. ;5 aerosol samples was extracted in 3 mL
of ultrapure water (Milli-Q®; 18.2 MQ-cm @ 25 °C), measured by means of a calibrated
pipette (DV5000, Discovery), for 20 minutes using an ultrasonic bath (SONICA, Soltec).
The obtained solutions were then filtered (0.45 pm PTFE Syringe Filters, Phenomenex)
in order to remove any possible solid particle in suspension that could contaminate the
chromatographic columns and analysed within the following 24 h. Extraction efficiencies
corresponding to this extraction experimental procedure have already been investigated
in a previous work!™ and they were taken into account for the final quantification of the
analysed chemical species.

Inoganic cations (Na', NH,*, Kt, Mg?", Ca’") and anions (F-, Cl, NOy, SO,*), carboxylic
acids (acetic, propionic, formic) and dicarboxylic acids (glutaric, malonic, succinic,
oxalic) were analysed using two coupled chromatography systems (Dionex 1CS-90 and
ICS-2000) served by a shared auto-sampler (AS3000, Dionex). Cations were determined
using a pre-column (lonPac CG12A-5 pm Guard 3x30 mm) and an analytical column
(IonPac CS12A-5 Analytical 3x150 mm). An isocratic elution was performed with
methanesulfonic acid (MSA, 20 Mm, Fluka) at a flow rate of 0.5 mL/min. The eluent
signal was suppressed using a chemical suppressor (Dionex CMMS III 4 mm
MicroMembrane Suppressor, regenerant: tetrabutylammonium hydroxide, TBA-OH, 0.1
M, Fluka). Anions were analysed using an Ion Pac AG11 4x50 mm Guard column and
an AS11 4x250 mm Analytical column. A gradient elution was performed by means a
solution of KOH with variable concentration (0.1-50 mM, Dionex), and the applied flow
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rate was 1 mL/min. The eluent signal was suppressed by means of a, electrochemical
suppressor (Dionex AMMS IIT 2 mm MicroMembrane Suppressor).

The quantification of the analysed compounds was achieved by means of the external
standard method. Multi-component standard solutions were prepared separately for the
analysed anions and cations from commercial starting solutions of each of the inorganic
ions (1000 mg/L, Fluka) or from stock concentrated solutions prepared directly from the
liquid carboxylic acids (acetic (98-100%), propionic (100%), formic (>99.5%), Sigma-
Aldrich) and the solid dicarbolxylic acids (glutaric (>98%), malonic (>99.5%), succinic
(>99%), oxalic (>99%), Sigma-Aldrich).

The uncertainties associated to the preparation procedure of samples and to the ion
chromatography method used are here evaluated. The extraction procedure is affected by
an uncertainty on the 3 mL extraction volume of +0.6% (0.018 mL), according to the
pipette manufacturer specifications. As already described, the efficiency of the extraction
procedure of the water-soluble fraction prior to ion chromatography analysis was assessed
in a previous work'™ and extraction efficiencies were taken into account for the
quantification of the analysed components. A final source of uncertainty arises from the
calibration procedure of the ion chromatography analysis carried out with the external
standard method.

3.6 Development of the Conductivity Method in
the AEC

A series of tests were performed in order to determine the optimal experimental setup for
the conductance measurements on deposited aerosols and to validate the proposed
method used in the AEC. These experiments focused on the evaluation of the response
time needed for the electrical signal generated by aerosol samples to equilibrate after a
change of the RH in the gas phase (Section 3.2), on the understanding and the lowering
of the minimum aerosol loading necessary for conductance to be detected with the used
experimental setup (Section 3.6.2) and on evaluating the effects on the measured
electrical conductance that originate from the physical properties of the filtration
membranes used for aerosol sampling (Section 3.6.3). In addition, the performance of the
electrical method in reproducing pure salts DRH was evaluated (Section 3.6.4.1) and the
DRH and CRH values obtained for a reduced dataset of 20 atmospheric aerosol samples
were validated by comparing the measured conductance curves with GF,, curves
obtained with a gravimetric method (Section 3.6.4).
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3.6.1 Response Time of the Electrical Signal

Evaluating the response time of the electrical signal generated by samples housed in the
electrodes housings in the AEC was essential in order to assess the reliability of the
measured electrical conductance curves during RH cycles. For these equilibration tests,
six PMss samples from the MI-TS site were housed in the AEC and the RH in the
chamber was varied with ~1% RH steps between 50 and 70% RH; conditions were kept
constant within the chamber for about 2000 s and after the equilibration of the RH
conditions within the chamber (2 min) the conductance of the six samples was constantly
monitored. Figure 3.6-A shows the variations of RH (black) and conductance of one of
the six samples (red) during the whole duration of the test. The two trends are clearly
well correlated and constant RH conditions are associated to constant measured electrical
conductance (see in particular the enlarged graphs in Figure 3.6-B). With respect to the
RH plot, it can be noticed that in correspondence to two steps (~56% and ~58%) the RH
was not constant in the chamber (Figure 3.6-C). Anyway, in correspondence to these two
equilibration steps, the conductance of the sample increases accordingly to the RH,
showing that the electrical response of the sample as a consequence of an RH increase is

immediate.
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Figure 3.6: (A) Test of the electrical signal (red) response time during ~2000 s
RH steps (black) in the AEC. (B) Enlargement of steps with stable RH. (C)
Enlargement of steps with slightly increasing RH trends.

For a further evaluation of this aspect of the experimental procedure, for the same
sample shown in Figure 3.6 four conductance curves as a function of RH are plotted in
Figure 3.7. Each of these curves corresponds to conductance values measured at 0 s after
the equilibration of RH (black), 180 s (brown), 1200 s (red) and 1800 s (pink). The first
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three conductance curves (taken at 0, 180 and 1200 s) are virtually undistinguishable one
from the other. Slight differences can be observed if these three curves are compared with
the fourth curve of G measurements taken at 1800 s, but the general trends individuated
by all four curves is very similar. Therefore, whether the conductance measurement is
immediately taken after the RH equilibration in the chamber or after a longer period the
final shape of the conductance vs. RH curve would be the same. In the light of the
results of this time response test, during RH cycles the conductance measurements were
taken after 2 minutes from the equilibration of the RH in the AEC.

0.12

—o—t =0s

0.104

RH/ %

Figure 3.7: Conductance (G) curves measured at different times after the RH is
varied within the AEC. Colours: black — 0 s; brown — 180 s; red — 1200 s; pink —
1800 s.

3.6.2 Lowering the Minimum Aerosol Loading on Filters

The existence of a minimum aerosol loading for the conductance measurements in this
work was discussed by Ferrero et al.!'?, with reference to this specific experimental

approach (PM,; sampling + AEC, HP 3421A module, Section 3.2).

The analysed dataset in the work by Ferrero et al.!'? consists in 55 PM.; samples
collected at the MI-TS sampling site and these aerosol samples span over a range of
atmospheric concentrations of between 13.7 pg m™® and 107.5 pg m™. These are typical
values for the Po Valley, which is characterized by seasonally-modulated pollution

8,166,

levels®1661%8  These atmospheric concentrations turn into a similar broad range of aerosol

loadings on the sampled PM,; filters (24 h sampling time; flow 2.3 m* h''), from 63.2 pg
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cm? (0.755 mg on filters) to 496.6 pg cm™ (5.932 mg on filters). The average aerosol
loading on the subset of the 45 PM,; samples for which an electrical conductance
response was detected was 221.9+13.5 pg em? (2.6514+0.161 mg on filters), which is
slightly higher than the smallest surficial dose used by Song et al.®® (150 pg cm™);
conversely, the 10 PM,; samples that did not show any electrical conductance, displayed
a statistically lower (t Student at «=0.01) aerosol mass loading, with a value of
127.147.8 pg cm™ (1.5184+0.094 mg on filters). Due to the relevant role of the aerosol
ionic fraction in the determination of the conduction of the electrical signal (Section 3.1),
the average ion loading for both PM.; samples subsets was also addressed: 85.7+9.2 ng
cm™? for those samples that showed any electrical conductance signal to RH changes and
53.146.5 ng cm? for those that did not. It is interesting that the ionic surficial loading
for the 10 filters that did not show any signal is of the same order of magnitude of the
threshold value (24.2 pg cm?) calculated by Weschler'® for deposited 520 nm particles of
pure NH/HSO, on the basis of the percolation theory'®'¥% from this theory it results that
the probability of forming an electrical bridge is 90% if 53% of the possible dust
deposition sites are occupied by a particle’. However, Weschler'®™ performed his
calculation simply considering dry particles and, on the contrary, a critical surficial
concentration of 15 pg ecm™? was calculated by Tencer®, who took into account a bigger
wet radius for NH;HSO, particles in correspondence to its DRH (39% RH).

It is important underlying that it is not possible to discriminate whether these samples
did not actually electrically activate or their electrical signal was too low to be detected
with the employed experimental setup (upper detection limit for electrical resistance of
30 MQ for the HP 3421A module, 0.5 mm distance between the electrodes).

However, this minimum aerosol loading limit was partially overcome in the following
part of this study by simply modifying and improving the experimental approach in
different ways. First of all, the experimental setup was modified by the introduction of a
new multimeter with a higher resistance detection limit (Agilent 34411A, maximum
detected resistance: 1 GQ) and by reducing the distance between the electrodes in the
filter housings from 5.0 mm to 2.5 mm. In addition, the sampling method was modified
by reducing the sampling spot over which samples are collected from 39 mm (for a 47
mm PTFE filter) to 30 mm. Thanks to this adjustment, the surficial mass concentration
of particles collected on a filter is increased by ~70%, even if the overall sampled mass is
the same, because the sampling flow is kept constant (2.3 m® h', Section 3.3). An
example of the effect of this procedure on the measured conductance curve is shown in
Figure 3.8: two samples were collected simultaneously at MI-TS (Sample 1 - green: 1.292
mg on filter, surficial loading of 182.8 pg m™®; Sample 2 - blue: 1.231 mg on filter, surficial
loading of 103.1 pg m™®) and their conductance as a function of the gas phase RH was
measured during humidification. Being collected at the same time, the two samples are
characterised by the same chemical composition and therefore by the same DRH. The
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measured conductance of Sample 1 is about four times higher than that of Sample 2,
simply because its surficial distribution of particles is higher. The two curves are very
well comparable and the obtained DRH wvalues in correspondence to the maximum
gradient are in agreement within the experimental uncertainty on the measured RH
(71% for Sample 1 and 72% RH for sample 2). Note that in Figure 3.8 the gradient

curves (dashed lines) are multiplied by 10 for clarity in the graph. Following to these

modifications and improvements in the experimental setup and procedures, the

percentage of non-detected samples was significantly decreased and the issue of a
minimum aerosol loading needed on filters for conductance measurements was mostly

overcome.
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Figure 3.8: Comparison of the humidification curves of two samples collected
simultaneously (i.e. with same chemical composition) but with different surficial
mass distribution.

3.6.3 The Effect of the Filtration Membrane on

Conductivity Measurements

The filtration membranes employed for the collection of atmospheric aerosol particles are
various and diverse with respect to their physical properties and chemical composition.
Among the most commonly used substrates, PTFE (polytetrafluoroethylene) membranes
are preferred in many field of application because of several reasons: low contamination
levels, hydrophobic and chemically inert material, low tare mass value suitable for
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gravimetric analysis, semi-surface filtration membranes. Quartz or glass fibre membranes
are also widespread, in particular for the analysis of organic components. They are depth
filters and they need to be baked before sampling in order to remove possible organic
compounds adsorbed to their fibrous matrix'®.

Because of the different chemico-physical properties of different filtration membranes, at
a first stage conductance measurements during RH cycles in the AEC were performed on
samples collected simultaneously at MI-TS on PTFE and quartz fibre filters. The most
relevant physical difference between the two substrates is their affinity with water.
Awakuni and Calderwood (1971)"! reported a contact angle of a water droplet over a
PTFE surface of 104°, which classifies the material as ‘non-hydrophilic’; in addition, they
measured the adsorption of water vapours by PTFE and quartz fibre surfaces and close
to saturation conditions they quantified three adsorbed layer for PTFE and 7 for quartz.

With respect to the conductance measurements in the AEC for the determination of the
phase transitions of deposited particles, evaluating the effect of filtration substrates with
different physical nature and with different affinity to water vapour is therefore essential.
Eom et al. (2014)'"® demonstrated that hydrophobic supports (in their case parafilm-M
and TEM grids) are the most suitable for hygroscopicity measurements on deposited
saline particles with optical microscopy methods. An analogous evaluation was performed
in this work by measuring the electrical conductance variation of 18 pairs of aerosol
samples collected simultaneously at MI-TS on PTFE and quartz fibre filtration
membranes. Similarly to the pair of samples in Figure 3.8, the two samples within a pair
are characterized by the same chemical composition, because they were collected at the
same time. Therefore, any observed difference in their electrical behaviour can be
reasonably attributed to the different nature of the substrate.

In order to compare the obtained curves, the measured conductance as a function of RH
was normalized over the maximum measured value in each curve and all the normalized
curves were averaged to obtain collective trends for samples deposited on PTFE and
quartz fibre. The two averaged curves obtained during humidification (blue) and
dehumidification (red) are shown in Figure 3.9, where the shaded envelopes represent the
standard deviation. With respect to the PTFE case (Panel A), a well-rendered hysteretic
behaviour can be observed between the increasing-RH and the decreasing-RH branches
and two broad deliquescence and crystallization regions can be individuated (~70-75%
and ~68-64% RH, respectively) even if the curves are averaged. In the case of samples
deposited on a quartz fibre membrane (Figure 3.9-B), essentially no hysteresis is
observed and the average electrical signal gradually increases with increasing RH with no
steep increase or decrease that could be associated to any deliquescence or crystallization
phenomenon. In addition, the narrow standard deviation of the averaged curve obtained
for the quartz fibre samples suggests that the original measured curves do not
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significantly differ one from the other. This smaller variability found for samples
deposited on quartz fibre filters implies that this electrical behaviour is mainly due to the
physical properties of the filtration membrane rather than to the hygroscopic properties
of the deposited aerosol particles. Such electrical response is likely due to the hydrophilic
nature of quartz fibre, that may adsorb water itself thus disguising any possible electrical
signal generated by phase changes of the aerosol particles.

1.0 5 g
| PTFE S | Quartz fiber

normalised

Figure 3.9: Average normalised conductance curves for 18 pairs of MI-TS
aerosol samples collected on PTFE (Panel A) and on quartz fibre (Panel B)

filtration membranes.

For these reasons, PTFE was then preferred for the investigation of DRH and CRH of
atmospheric aerosol samples. Besides, its hydrophobicity makes it similar to epoxy-based
composites that constitute printed circuits boards and circuit components encapsulates'®;

this aspect is important for the application of these measurements to Free-Cooled Data
Centers that is discussed in Section 4.3.1.

3.6.4 Comparison of the Electrical Conductance Method
with a Gravimetric Method

In order to evaluate the validity of the proposed conductance method to determine the
phase transition RHs of atmospheric aerosol samples, DRH and CRH were also identified
by means of a gravimetric method!® for a sub-dataset of 20 MI-TS samples and for
mixed saline and soot laboratory generated samples. The gravimetric method consists in
placing a precision weighting analytical balance (Sartorius SE-2F; precision: +0.1 pg) in
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the AEC and measuring the variations in the mass of a sample at each RH step during
RH cycles in the chamber. The mass increase (during humidification) or decrease (during
dehumidification) is entirely attributed to water absorption by the deposited particles
and a mass growth factor (GF,) can be calculated from the measured mass variation
according to Eq. 2.12. DRH and CRH were obtained with the same gradient method
used for conductance vs. RH curves described in Section 3.2.1. This evaluation is
important because it compares the direct measurement of water absorption during RH
cycles and an indirect determination of the phase transitions of deposited aerosol, which
is provided by the conductance method. As an example, the comparison of the
conductance curves obtained with the electrical method and the GF,, curves measured
with the gravimetric method for a MI-TS sample (PM,;, 266.4 pg cm™ on filter, collected
on 20/03/2014, 24 hours sampling) is shown in Figure 3.10, both for data registered
during humidification (Panel A) and during dehumidification (Panel B). The steep
increase/decrease in electrical conductance detected with the electrical method (open
circles) in correspondence to the deliquescence and crystallisation processes (Section
3.2.1) matches with a substantial water condensation/evaporation measured with the
gravimetric method (solid squares). These correlated trends individuated by means of the
two independent methods confirm the wvalidity of the proposed approach for the
determination of DRH and CRH by means of electrical conductance measurements.
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Figure 3.10: Comparison of conductance (G, open circles) and GF. (solid
squares) as a function of RH measured with the electrical conductance and with
the gravimetric methods, during humidification (Panel A) and dehumidification

(Panel B).

On a side note, a consideration on the shape of the electrical conductance curve shown in
Figure 3.10-A is necessary. At RH~70%, the measured electrical conductance reaches a
maximum value, is then relatively constant up to RH~80% and then decreases in the
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very last part of the humidification diagram. On the contrary, the corresponding GF,,
curve is characterised by a monotonic increasing trend, typical of aerosol growth curves
(as the one shown in Figure 2.1). Such electrical behaviour after deliquescence at high
relative humidity was sometimes observed and it was attributed to a considerable

dilution'1%!

of the electrolytic solution that is formed after deliquescence, as anticipated
in Section 3.1. This interpretation is also supported by the measurement of the mass
increase measured with the gravimetric method as a function of the RH. In fact, at
RH=90% the measured mass growth factor is 2.9, meaning that the aerosol particles on

filter have absorbed an amount of water equal to almost three times their original mass.
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Figure 3.11: Correlation plot of DRH (blue) and CRH (red) values obtained
with the conductance method (z axis) and the gravimetric method (y axis). The
dashed line represents 1:1 correlation, whereas the blue and red lines are fitted
through the DRH and CRH data points, respectively.

The DRH and CRH values obtained both with the conductance and the gravimetric
methods were compared for the 20 MI-TS atmospheric aerosol samples that were
characterised by means of both approaches. Figure 3.11 shows the correlation plot
between DRH (blue) and CRH (red) values corresponding respectively to the maximum
gradient of the conductance vs. RH and mass vs. RH curves during humidification and
dehumification in RH cycles. The error bars take into account the 1% experimental
uncertainty on the measured RH and the dashed line indicates the 1:1 correlation line,
which is plotted for comparison. The agreement between the values determined
independently with the two methods is satisfactory (R? of 0.908 and 0.889 for DRH and
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CRH, respectively). No general trend of overestimation or underestimation was found
and this indicates that the determination of DRH and CRH by means of electrical
conductance measurements is not affected by any systematic error.

3.6.4.1 Laboratory Generated Aerosol Samples DRH Comparison

As a further evaluation of the performance of the conductance method, pure saline
aerosol samples were generated according to Section 3.4. Unfortunately, it was not
possible to perform conductance measurements on these samples; the reasons for this are
detailed further on in Section 4.3.2.4 and are not discussed here. However, conductance
measurements were successful for mixed saline and soot aerosol generated samples.
Figure 3.12 shows the DRH values obtained for (NH4).SO,, NH4NO;, Na,SO,, WIl-mix
and SU-mix by means of the conductance (dark grey) and the gravimetric (light grey)
methods. The bars corresponding to each of these values represent the deliquescence
range, individuated according to Section 3.2.1. The agreement between results from the
two different measurement techniques is good within the experimental uncertainty on
RH, both for the DRH and for the deliquescence range.

90

[ ] Gravimetric method [l Conductance method
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Figure 3.12: Comparison of DRH values for pure salts ((NH.)2SO4, NHiNOs3,
Na2S04) and (NHi)2SO4/NHiNO3 mixtures (Mix-SU, Mix-WI) mixed with soot
particles. Data were experimentally obtained with the conductance (dark grey)
and gravimetric (light grey) methods, taken from literature® (black circles) and

from calculations with E-AIM Model (open circles), which takes into account

the impurities quantified by means of ion chromatography. The bars indicate
the delicuescence range as defined in Section 3.2.1.
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The experimentally determined values are also compared with the corresponding pure
component DRH literature values® (black datapoints in Figure 3.12) and calculations
from E-AIM Model (open circles), which were performed by taking into account the
measured contamination of other ions from ion chromatography analysis (note that the
literature DRH for (NH4):SO, is hidden by the open circle). It is evident that even the
presence of a small amount of contamination from previous generation experiments (<3
wt% on the total ionic content, Section 3.4) significantly affects the DRH of the three
considered pure saline components. The agreement of the experimental values with the
DRH is evidently better with this calculation for NH,NO3; and NaySO, rather than the
pure component literature value. The agreement between the calculated values and the
DRH obtained from both the conductance and the gravimetric methods is satisfactory,
even though not perfect. In addition, no overall trend of constant overestimation or
underestimation was found and therefore no constant bias can be attributed to any of
the two experimental methods used for this validation. These discrepancies are possibly
due to the presence of other contaminant species from the generation procedures of these
synthetic samples that were not quantified. Moreover, ion chromatography analysis are
subjected to some experimental errors as discussed in Section 3.5 and this could reflect in
some uncertainty on the DRH values calculated from E-AIM Model.

Overall, the good agreement between the conductance and the gravimetric method
within the experimental uncertainties that was found for both laboratory generated
samples and for atmospheric aerosol PM.s samples indicates that the individuation of
DRH and CRH with electrical conductivity measurements in the AEC and applying the
gradient method (Section 3.2.1) represents a valid and reliable approach.

3.7 Summary

In this Chapter, the electrical conductance method for the determination of deliquescence
and crystallisation relative humidities in an Aerosol Exposure Chamber were presented.
At first, a general overview of the physical concept behind this experimental approach
was given and the literature studies that have previously used similar electrical
conductance techniques were briefly summarised. All the specific features of the AEC
experimental setup have been described and the determination of DRH and CRH from
conductance vs. RH curves was discussed. In addition, the samples analysed in this work
were described: PM,; atmospheric aerosol samples from an urban (MI-TS) and a rural
(OB) sampling site and laboratory generated saline and soot aerosol samples. The
sampling and generation techniques were fully describes as well, together with the ion
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chromatography analysis performed to characterise the ionic fraction of the collected
aerosol particles.

In the last Section of this Chapter, the preliminary tests that were carried out to assure
the reliability of the electrical conductance method and to reach the best experimental
setup were discussed. The comparison of the conductance behaviour of particles
deposited on two different substrates (PTFE and quartz fibre) allowed the determination
of the most suitable filtration membrane for this work, which was PTFE. The existence
of a minimum aerosol loading for the first version of the AEC experimental setup was
discussed and all the variations and improvements adopted to overcome the minimum
aerosol loading issue were described. The evaluation of the electrical signal response time
and the comparison of the DRH and CRH values obtained with the electrical
conductance method and with a ‘direct’ gravimetric method demonstrated the validity of
the proposed experimental approach.

The electrical conductance technique in the Aerosol Exposure Chamber that has been
fully described in this Chapter was applied for the investigation of the phase transitions
of atmospheric aerosols in Chapter 4.
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Chapter 4 Measurements of DRH and CRH
of Atmospheric Aerosol Smples

Electrical conductance measurements during humidification and dehumidification cycles
in the AEC were performed on PM.; samples, collected both at the urban MI-TS site
and at the rural OB site, and results are presented in the following Chapter. The ionic
fraction of these samples was characterised as well and a particular accent is put below
on the relation between seasonal DRH/CRH trends and the seasonally modulated
chemical composition of atmospheric aerosol particles in the Po Valley. A comparison
between experimental and modelled values is also offered and the ability of the employed
models to predict the phase transitions relative humidity of complex atmospheric aerosol
samples by considering the sole ionic fraction is evaluated (Section 4.2). At the end of
this Chapter, the implications of the presented results are discussed in relation to
different fields of applications: reliable use of the Direct Free-Cooling in Data
Centers"'?"*" (Section 4.3.1), potential damage on cultural heritage stone porous surfaces®
(Section 4.3.3) and application of remote sensing techniques for the quantification of
ground-level atmospheric particles concentrations'® (Section 4.3.4). In addition, the role
of the carbonaceous fraction in the determination of the conductive properties of samples
is also considered and discussed (Section 4.3.2). While this aspect is not directly related
to the hygroscopic properties of aerosols, its investigation is useful for a better
understanding of what governs the detection of any electrical signal in conductance
measurements in the AEC. It also has some implications for Data Centres and more
generally speaking for any situation where aerosol particles are deposited on electronics,
since it gives information about the possible factors that would determine the formation
of electrical bridges on hydrophobic substrates induced by the presence of deposited
particles.

As pointed discussed in Section 3.6, the experimental setup ad technique used in AEC
experiments have been improved and developed with time; in addition, the investigation
of the phase transitions of atmospheric aerosols was both carried out on samples from the
Filter Bank of the University of Milano-Bicocca, but ad-hoc samplings were performed
during the period 2013-2014 (Section 3.3), as well. Therefore, different aspects were
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investigated on different portion of the overall samples dataset and were subject to
publications® 2160187 that covered partial aspects of this final comprehensive work. For
this reason, in each of the following Sections, the number and the nature of samples is
explicitly described and the results presented in Sections 4.1, 4.2 and 4.3 refer to
specified portions of the overall dataset, which is composed by 147 samples collected on
PTFE filters in the four seasons (Spring: 16, Summer: 52, Autumn: 23, Winter: 56) at
the two sampling sites (MI-TS: 135, OB: 12). Winter samples are predominant on a
number basis followed by Summer samples, while aerosol samples collected in the two
intermediate season are less represented in the overall dataset. This is because samples
collected in the cold and warm seasons are characterised by the most significant
differences in chemical composition (Section 4.1.1) that result in the most significant
differences in deliquescence and crystallisation RH values (Section 4.1). In this Chpater,
All mean values data are reported here as averagetstandard deviations of the average.

4.1 DRH and CRH Seasonal Variations

With respect to samples collected at the urban site in Milan (MI-TS), among the overall
set of 135 PM,; samples DRH and CRH values were determined for 80 of them by means
of the electrical conductance method described in Section 3.2 (Spring: 6, Summer: 22,
Autumn: 8, Winter: 44). The other 55 samples either presented an gradually increasing
electrical signal with increasing RH with no evident deliquescence or crystallisation
(Section 3.2.1), or did not show any electrical activation (see discussion of the minimum
aerosol loading, Section 3.6.2, and more considerations on this in Section 4.3.2). The
frequency distribution for measured DRH and CRH are shown in Figure 4.1. The
obtained values were organised in 5% RH bins and the bars in the histogram are colour-
coded in order to distinguish the contribute of samples corresponding to each season in
every RH range.

First of all, both plots are characterised by a ‘bimodal” distribution. With respect to the
DRH frequency distribution (Figure 4.1-A), for most of the samples the deliquescence
was detected in the RH range 55-60% and a second peak is present at 70-75% RH. A
similar trend is observed for the CRH distribution plot (Figure 4.1-B), but in this case
the two modes are observed at lower RH ranges of 45-50% and 65-70%, respectively.
This two analogous but shifted frequency distributions for the two phase transitions
relative humidity reflect the hysteresis of the hydration state of aerosol particles
discussed in Section 2.1.1 and shown in the exemplifying conductance curve in Section
3.2.1.
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Figure 4.1: Frequency distributions of the DRH (Panel A) and CRH (Panel B)
values for MI-TS PM2s samples obtained with the electrical conductance
method. Colours: Violet — Spring; red — Summer; light grey — Autumn; light
blue: Winter.

Inorganic ionic
fraction (wt%)

Spring 59.8% + 0.7% 50.0% + 0.6% 44.4% +  3.8%
Summer .0% + 1.1% 63.2% + 1.1% 282% + 1.5%
Autumn 50.0% + 0.9% 50.0% £+ 0.5% 355% L+ 3.4%
Winter 54.8% + 0.7% 47.0% + 0.6% 37.0% + 2.2%

Table 4.1: Average measured DRH and CRH values and overall ionic content for samples

Season DRH CRH

collected in the different seasons.

The different distribution in these frequency plots of samples collected in different
seasons is evident and average seasonal DRH and CRH values are also reported in Table
4.1. Winter atmospheric aerosol samples are characterised by the lowest mean DRH and
CRH (54.8+0.7% and 47.0+0.6%, respectively), while Summer samples contribute mainly
to the second mode in the frequency distributions and are characterised by an average
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DRH of 71.04+1.1% and by an average CRH of 63.2+1.1%. Aerosol samples collected in
Spring and in Autumn showed an intermediate behaviour between the two extreme
seasons but they can be more assimilated to Winter samples. The obtained frequency
distributions and these kind of seasonal trends can be rationalized by considering the
chemical compositions of samples collected in different seasons.

4.1.1 The Dependency of Seasonal Trends on Seasonally-
Modulated Chemical Composition of Samples

In Section 1.1.1, the spatial and time variability of the chemical composition of
atmospheric aerosols has been individuated as a further factor that contributes to make
even more complex such heterogeneous chemical systems. Furthermore, since the
chemical composition of particles plays a fundamental role in the physico-chemical
processes they are involved in, seasonal and spatial trends in chemical composition can
also reflect in seasonally-modulated variability of other properties of aerosols. Therefore,
below the correlation between the chemical composition of the analysed samples and the
seasonal DRH and CRH trends shown in the previous Section is investigated.

First of all, a consideration on the overall inorganic ionic content is necessary. As
reported in Table 4.1, it spans from an average of 28.24+1.5% in Summer to an average of
44.443.8% for Spring PM,; samples, values in keeping with previous studies conducted
in the Po Valley® 10017017188 = Ag of now, it is important to underline that this chemical
components account on average for less than half of the overall mass of the analysed
samples. It is true that inorganic electrolytes are the major responsible for the water
uptake by atmospheric aerosols, but at the same time the presence of other hygroscopic
organic components can have a relevant role in the phase transitions of

23009294189 " Therefore, it should be kept in mind that the following rationalisation

particles
of the found seasonal trends does not take explicitly into account the contribution of

organic components other than carboxylic acids.

Table 4.2 displays the average content of all the quantified chemical components in all
the four seasons, determined by means of ion chromatography (Section 3.5) and shown
on a mass percentage basis. The major differences are registered between the chemical
composition of Summer and Winter PM,; aerosols. Figure 4.2 shows the average relative
content in Summer and Winter samples of the three main ionic components of typical Po
Valley aerosol samples (ammonium, nitrates and sulphates), the other inorganic ions (F,
Cl, PO/, Na', K', Ca*", Mg?") and the carboxylic acids (acetic, propionic, formic,
glutaric, succinic, maleic, ossalic acids). These percentages are calculated on the
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quantified ionic content reported in Table 4.1 and not on the overall PM,y; collected
mass. The first evident feature that emerges from these plots is that the ionic content is
dominated by nitrates for Winter samples and by sulphates for Summer samples. This is
the result of the different atmospheric conditions in the two seasons and of the seasonal
variability of emission sources of the two components. Nitrates mainly derive from NOx
produced in combustion processes (motor vehicles, industrial combustions, domestic
heating, etc.), while sulphates are secondary compounds that are mainly the products of
photochemical reactivity of gaseous SO,’. A first reason for the observed season trend of
nitrates is that the warmer Summer temperatures partially promote the partitioning of
ammonium nitrate to the gas phase, thus reducing its amount in the condensed particle
phase. In addition, in Winter domestic heating is a further source of nitrates that is not
present during Summertime. Finally, photochemistry is stronger in Summer because the
incoming solar radiation is more intense and this results in a, enhanced production of
sulphates'*. With respect to the other quantified chemical species, the other inorganic
ions do not present significant seasonal trends in their contribution to the overall mass of
PMs,;, while carboxylic acids are slightly more present in Summer samples; in particular,
this is due to an increment of dicarboxylic acids, most of all oxalic acid, which accounted
on average for 2.6+0.2% and for 0.4840.04% of the overall PM,; mass of Summer and
Winter samples, respectively. These compounds can both be primarily emitted
(antropogenic and biogenic sources) or originate from photochemical reactions'®’; this
observed seasonal trend, which was also evidenced in previous works®!"!, suggests that
this second pathway might be the most relevant at the urban site of MI-TS.

Other
rganics
(6%)

Other

rganics
) Carboxylic

acids
(1%)

Winter Summer

Figure 4.2: Relative mass content in the ionic fraction of the main inorganic
ions (NH:", SO4*, NOs'), other inorganic ions (F-, Cl', POs*, Na*, K, Ca?",
Mg?") and carboxylic acids (acetic, propionic, formic, glutaric, succinic, maleic
and ossalic).

A first comparison of the seasonal average DRH values with the single-component DRH
of the two most abundant ionic compounds can be useful. Different literature values were
measured in different literature works and are recapped in the review by Martin (2000)*7;
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DRH is reported to be on average of 80% for (NH4)»SO, and of 60% for NHsNO;. By
simply considering these DRH values for pure ammonium sulphate and nitrate, it is clear
that the seasonal DRH trends in Figure 4.1-A are governed by the relative abundance of
this compounds: ammonium sulphate DRH is higher than that of ammonium nitrate and
similarly Summer samples that are sulphate-rich are characterised by higher DRH values
than the Winter samples, which are nitrate-rich instead. Summer and Winter average
DRH (54.8+0.7% and 71.0+1.1%, Table 4.1) are respectively lower than the values of
pure (NH4):SO; and NH,;NOs3; this is due to the presence of other deliquescent chemical
species and to the fact that the MDRH for a mixture is always lower than those of the
single separate components?, as discussed in Section 2.1.1. In addition, note that the
chemical composition of Spring and Autumn samples can be assimilated to that of
Winter samples, with a predominance of nitrates over sulphates (Table 4.2). This
explains why they appear within the lowest RH mode in the frequency distributions in
Figure 4.1, with respect to both DRH and CRH.

Other Carboxylic
NH4*t SO4* NOs . . . Y
Season inorganic acids

(we%o) — (we%)  (WE%) by (wt%)

Spring  10.84+0.8% 9.8+1.2% 22.7+2.3% 1.240.1% \
Summer  6.6+04% 16.2+1.0% 3.9£0.6% 1.5+02%  3.240.2%
Autumn  89+0.7% 10.241.6% 17.44+2.2% 1.24:0.1% \

Winter  7.60.5% 55+0.6% 21.8+1.9% 2.0+02% 0.764+0.1%
Table 4.2: Seasonal percentage mass calculated on the overall PM2s mass of the main
inorganic ions (NHs", SO4*, NOs), other inorganic ions (F-, CI', PO, Na', K', Ca’", Mg®")
and carboxylic acids (acetic, propionic, formic, glutaric, succinic, maleic and ossalic), with

respect, to samples collected at MI-TS.

If the measured CRH wvalues are considered, a similar comparison is not as
straightforward as that for DRH, since the presence of solid inclusions in atmospheric
aerosol samples strongly influences the relative humidity of crystallization by providing
heterogeneous surfaces that promote the crystallisation of saline components in
solution®136:19219 - CRH for pure ammonium sulphate has been observed in the 33-48%
RH range, while no crystallization is observed for pure ammonium nitrate®. These values
are clearly far from representing a first simple estimate of the average CRH values
measured for Summer (63.2+1.1%) and Winter (47.0+£0.6%) samples in this work, even if
in case too Summer CRH values are higher than those determined for Winter samples.

From the graphs in Figure 4.2, it is observed that the mass percentage associated to
ammonium is relatively constant in the two compared seasons. Anyway, this doesn’t give
any specific information on the degree of neutralization of the analyzed MI-TS samples,
which is interesting to investigate in order to evaluate its potential influence hygroscopic
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behaviour of particles. In fact, the presence of an acid excess in aerosol systems would
result in a lowering of DRH values'™. In order to assess the degree of neutralization of
the studied aerosols, the ionic contents reported in Table 4.2 were converted to moles
and plotted in Figure 4.3, where ¥(n") refers to NH4" positive charges only, while 3(n’)
is the sum of the charges resulting from SO,*, NOs and carboxylic acids. In general, the
neutralisation degree of the samples is almost complete, as most of the data points in
Figure 4.3 lie close to the 1:1 correlation line (dashed) and the equation of the linear
fitted line is characterised by a slope close to 1 (0.95) and by a good R?* of 0.9666.
Anyway, some of the analysed samples lie a bit further away from the 1:1 line and in
particular below it, meaning that an excess of negative charges is not neutralised by
ammonia. These points represent most of all samples collected in the Winter season
(light blue data points). It is not possible to discriminate whether this plot is able to give
a perfectly exact representation of the actual degree of neutralisation of these samples,
since other acid or basic species could be present in minor amounts and slightly alter it.
For example, short-chained alkylamines were quantified at the MI-TS sampling site'!
and dimethylamine and triethylamine concentrations were in the order of tens of ng m™
(0.1% wt% on the overall total suspended particles mass). However, NH,*, SO, NOy
and carboxylic acids are surely the most abundant components that would determine
this degree of neutralisation and for this reason the generally neutral nature of the

samples individuated in this way can be considered accurate.

0.05
o
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Figure 4.3: Correlation plot between the quantified charge equivalents of X(n")

(NH:+" only) and X(n7) (SO+*, NOs and carboxylic acids). Colours: Violet —
Spring; red — Summer; light grey — Autumn; light blue: Winter.
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In order to get a further insight of the relation between the variation in chemical
composition and the seasonal trends individuated for DRH, the mole fraction of sulphate
over the total sulphates-nitrates content (Y) and the ammonium mole fraction over the
sum of ammonium and H' moles (X) were considered. Expressions for X and Y were
reported in Section 2.2 calculated according to Potokuchi and Wexler (1995)'™ and are
reported here again for clarity:

Y = ngp2-/(Myoz + Ngoz-) 4.1
X =nypr/(y+ +nyys) 4.2

ny+ were estimated as the difference between the negative charges carried by sulphates
and nitrates and the positive charges of NH4", in order to neutralize any possible excess
of negative charges. In case the moles of NH;" exceeded those necessary for the
neutralization of SO,* and NOjy, the X ratio was automatically set at 1.

The same frequency distributions shown in Figure 4.1, were reworked in order to show
the variability in chemical composition of samples belonging to different DRH classes
according to Eq. 2.19 and 2.18; the obtained frequency plots are shown in Figure 4.4.
Panel A displays the variability in the quantified Y ratio: blue corresponds to Y=0
(nitrates only) and red to Y=1 (sulphates only). The differences in chemical composition
of samples contributing to the two modes in the frequency distributions are evident:
sulphate-rich samples mostly contribute to the higher mode (maximum in the RH range
70-75%), while the lower mode (maximum in correspondence to the 55-60% RH bin) is
mainly composed by samples characterised by a nitrates-dominated ionic fraction.
Obviously, the separation of nitrate-rich and sulphate-rich atmospheric aerosol samples is
not completely sharp and samples characterised by Y~0.5 (violet to dark red colours)
correspond to DRH values spanning from 50% to 75% RH. Once again, this is likely due
to the presence of other deliquescent chemical species in aerosol; however, it is
remarkable that most of this bimodal trend in the DRH frequency distribution plot can
be rationalised by simply considering the relative amounts of ammonium nitrate and
ammonium sulphate, which account only for up to ~40% of the total aerosol mass (Table
4.2).

Similarly, Figure 4.4-B shows the DRH frequency distribution with the representation of
the estimated H' content in the samples attributed to each RH range in the plot, in
order to evaluate where the more acidic samples are located within this frequency
distribution. Light green indicates X=1, i.e. samples that are fully neutralized by NH,",
while dark green indicates X=0.5, i.e. half of the negative charges are neutralized by
NH," and the other half by H'. First of all, samples with X<0.8 are less than 10% of the
total amount of the samples for which DRH was individuated by means of electrical
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conductance measurements in the AEC. In fact, most of the bars in Figure 4.4-B appear
coloured in light green meaning that the analysed samples are mainly neutral, as
indicated by the good correlation between positive and negative charges in Figure 4.3.
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Figure 4.4: DRH frequency distribution represented with different colour scales
to highlight the chemical composition of samples in different RH ranges. Panel
A: X (Eq. 2.19) values from 0 (nitrates only, blue) to 1 (sulphates only, red).
Panel B: Y (Eq. 2.18) values from 0.5 (equal amount of H" and NH:") to 1
(NH:" only).

Most of the samples associated to lower Y values are concentrated in the 45-60% RH
range and only one sample with X=0.54 lies in the 70-75% RH bin. This reflects the
trends evidenced by Potukuchi and Wexler (1995)'™. They estimated the deliquescence
relative humidity of aerosol systems characterised by variable sulphates/nitrate ratios
(Y, Eq. 2.19) and by variable acidity (X, Eq. 2.18); generally speaking, their model
indicates that more acidic systems present lower DRH than analogous systems
characterised by the same Y ratio but with smaller H' content (higher X values). With
respect to the analysed PM, 5 atmospheric aerosol samples, it is not possible to determine
to what extent this estimated acidity is actual or simply derives from the fact that the
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complex overall chemical composition of the collected particles was just partially
analysed by means of ion chromatography. However, it seems likely that samples
characterised by low X estimated values are actually more acid because of their
significant contribution to the 45-50% and 50-55% classes in the DRH frequency
distribution plot.

4.2 Comparison with Model Predictions of DRH
and CRH

In the previous Section, the individuated seasonal trends for the values of DRH and CRH
determined by means of electrical conductance measurements on PM,; samples collected
at MI-TS were shown and explained by considering the seasonal variability of their
chemical composition. It is noteworthy that it was possible to rationalise such complex
behaviour by simply referring to the quantified inorganic ionic fraction.

In this Section, further analysis of the measured phase transition relative humidities is
proposed by comparing the experimental results to calculations from two literature
aerosol models. The aim is to investigate the ability of these models to quantitatively
predict the deliquescence and crystallization processes of chemically-complex atmospheric
aerosol systems by considering just a portion of their overall chemical composition. This
would be particularly relevant for the estimation of the phase transition RHs of aerosols
with known chemical composition in applications such those discussed further on in
Section 4.3.

4.2.1 DRH

Among the aerosol models described in Section 2.2, E-AIM Model'®!** is one of the most
commonly used within the aerosol scientific community and it was used for the
simulation of DRH in this Section. Simulations were performed by means of Model II
with the inclusion of the seven quantified carboxylic acids (Section 3.5) at 298.15 K.
DRH values were estimated from water mole vs. RH% curves with the same procedure
described in Section 3.2.1 for the conductance curves, i.e. in correspondence to its
maximum gradient point. DRHg.r is at the lowest RH point where an aqueous phase is
present in the system and DRH..q at the lowest RH where all the solid components have
completely dissolved. The input for these simulations consisted of the molar amounts of
NH,*, SO,*, NOs and carboxylic acids quantified by means of ion chromatography
analysis. In addition, the model requires charges neutrality in order to perform any
simulation and for this reason, H'" was added when ammonium was not enough to
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balance all the negative charges, whereas NH," was partially removed if it was in excess
with respect to the negative charges, as it was described in Section 4.1.1.

As a first comparison, a frequency distribution plot of DRH values calculated from E-
AIM Model was calculated similarly to those for experimentally determined values in
Figure 4.1-A. The comparison of the experimental and modelled DRH frequency
distributions is shown in Figure 4.5, where the light blue bars represent the same
experimental distribution as in Figure 4.1-A, whereas the orange bars refer to the E-AIM
Model simulated distribution. Firstly, it is possible to observe that the frequency
distribution of E-AIM Model is bimodal, similarly to that resulting from electrical
conductance measurements. In this case though, the most populated DRH ranges 60-65%
and 75-80% for the two modes respectively; this means that a positive shift of 5% was
found with respect to the peaks individuated in Section 4.1 for the experimental data
(55-60%, 70-75%). Accordingly, the overall bimodal shapes of the two frequency
distributions are well comparable, even if on average the E-AIM Model simulations are
effected by some overestimation of DRH values.

Moreover, the overall RH range covered by the calculated DRH is wider than that
covered by the experimental DRH values, since in this case some samples are also
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Figure 4.5: Comparison of the DRH frequency distribution obtained with the

electrical conductance experimental method (light blue) and with calculations
from E-AIM Model (orange).

attributed to classes within 30% and 45% RH. On the contrary, no DRH values were
registered below 45% RH by means of the conductance method for the PM, 5 atmospheric
aerosol samples collected at MI-TS. These low calculated DRH are due to the high
sensitivity of the E-AIM Model to H' concentration in the prediction of DRH: in fact,
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these samples are precisely those with a low X value individuated during the discussion
of Figure 4.4-B.

In order to provide a further evaluation of the point-to-point ability of the E-AIM Model
in the prediction of DRH for each single sample separately, correlation plots were
considered for DRH, DRHg.x and DRHena. They are shown in Figure 4.6, where the
experimental values determined with the conductance method are plotted on the y axis
and the calculated DRH from E-AIM Model on the z axis. The simulation of the initial
point of the deliquescence region (DRHy.r, Panel A) is clearly the most critical, since no
correlation was found at all between the modelled and the experimental values.
Experimental conductance measurements never evidenced the start of the deliquescence
process below 45% RH for any of the analysed samples, whereas DRHgan<45% is
predicted by E-AIM Model for 35% of the samples. Again, this is likely due to the fact
that DRHgar is significantly affected by the acidity of the chemical system given as an
input to the E-AIM Model, and even a small amount of H" in the system leads to the
prediction of the presence of a liquid phase even in correspondence to very low RH
values. On the other hand, if DRH and DRH.nq are considered (Panels B and C), the two
datasets appear to be a little more correlated, even if the agreement of the DRH and
DRHeng from EAC conductance measurements and from E-AIM Model simulations is still
far for most of the data points (R? of 0.359 and 0.543, for the linear fits in Panels B and
C, respectively). Anyway, the data points in these two correlation plots display following
a certain increasing correlated trend, which confirms that E-AIM Model is able to
reproduce on average the experimental DRH trends individuated in the frequency
distribution in Figure 4.5. In addition, the majority of data points in Panels B and C lie
below the 1:1 correlation line, meaning again that the Model tends to overestimate the
experimentally measured DRH.

In conclusion, despite the poor point-to-point agreement that was found, generally
speaking it is relevant that E-AIM Model is able to reproduce the shape of the frequency
distribution of the experimental PM.s; DRH values, as shown in Figure 4.5. This means
that the driving force of the deliquescence of atmospheric aerosol particles is actually the
inorganic ionic fraction together with the carboxylic acids, since the experimental data
are partially reproduced by E-AIM Model considering just these two components of
aerosols. However, the 5% overestimation in the frequency correlation plot and the lack
of agreement when experimental and simulated data are compared separately for each
sample (Figure 4.6) imply that the presence of other unaccounted chemical species play
an important role in the determination of the overall hygroscopic properties of
atmospheric aerosols. As anticipated in Section 2.2 when an overview of the state-of-the-
art in atmospheric aerosols modelling was given, some effort is needed for the
improvement of aerosols models (E-AIM Model, in this case) since it was shown that
considering the main chemical species is a good starting point for the evaluation of the
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hygroscopic properties of aerosols but to make such simulations more and more accurate
other organic trace components need to be included.
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Figure 4.6: Correlation of DRHstart, DRH and DRHend from electrical
conductance measurements (y axis) and E-AIM Model calculations (z axis).
Lines: dashed — 1:1 correlation line; solid — linear fit of the datapoints. Colours:
Violet — Spring; red — Summer; light grey — Autumn; light blue: Winter.

So far, both the discussion of seasonal trends (Section 4.1) and the comparison with E-
AIM Model have focused on the phase transition relative humidities that characterise
atmospheric aerosols. As anticipated in the previous Chapter, the reason for this lies in
the fact that AEC conductance measurements provide an indirect estimate of DRH and
CRH by taking advantage of the conductivity of the electrolytic solutions formed by
deliquescent (or crystallising) components in atmospheric aerosol particles. As a matter
of fact, with this experimental technique the evaluation of the hygroscopic growth
properties of aerosols is not possible. On the contrary, the gravimetric measurements
that were performed on a subset of 20 PM,; samples from MI-TS (Section 3.3) provide
some direct information of the amount of water absorbed by deposited particles as a
function of the applied RH in the chamber. It is true that the aim of those gravimetric
measurements was the evaluation of the conductance method to determine the DRH and
CRH values of atmospheric aerosol samples. However, this direct gravimetric method
provides an significant (even if limited) dataset for the evaluation of the performance of
E-AIM Model in predicting not only the deliquescence RH, but also the hygroscopic
growth of a complex chemical mixture by simply considering its inorganic fraction and
mono and di-carboxylic acids.

In this respect, Figure 4.7 shows the correlation between the mass of water that was
measured as a function of the RH in the AEC with the gravimetric method (Section
3.6.4) on the y axis and the estimated mass of H,O from E-AIM Model on the z axis;
data refer to a subset of 20 PM,; samples collected at MI-TS. The dashed line indicates
perfect 1:1 correlation whereas the solid line is fitted through the data points (R?*=0.944).
Colours from black to light blue indicate increasing RH from 60% to 90%; note that for
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clarity not all the measured water mass values were plotted, but just a subset of five RH
values is displayed. A satisfactory overall agreement is found for experimental and E-
AIM Model data for low absorbed water mass values (below 1 mg), especially in
correspondence to 60% and 70% RH data. When the RH is increased and the amount of
absorbed water is greater as well, the discrepancy between measured and modelled data
becomes increasingly significant and in particular E-AIM Model simulations tend on
average to underestimate the content of water absorbed by the aerosol systems. The
hydrophobic nature of PTFE membranes (Section 3.6.3) assures that the registered
increase in mass is only due to water absorption by the deposited particles with
increasing/decreasing RH in the gas phase; in addition, these gravimetric measurements
were performed only up to 90% RH and, being far from saturation, water adsorption by
PTFE can be excluded. A similar underestimation of the absorbed water from E-AIM
Model was also found by Khlystov et al. (2005)* for ambient aerosol particles analysed
online by means of two coupled mass spectrometers that analyse simultaneously dry and
wet particles (DAASS, see Section 1.3).
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Figure 4.7: Correlation of the measured (y axis) and estimated with E-ATM
Model (z axis) mass of absorbed H20 for a subset of 20 MI-TS samples. of
Lines: dashed — 1:1 correlation line; grey envelope — estimated error on the mass
of water considering 1% uncertainty on RH. Colours: black to light blue
indicate increasing RH. From 60% to 90%.

It is clear that this trend of underestimation was individuated from the analysis of a
small number of samples and that further measurements should be carried out in order
to better characterise it; however, this represent an interesting result since it indicates
that neglecting the presence of organic compounds other than carboxylic acids leads to
an underestimation of the water content of aerosols. This result underlines once again the
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need of taking into account the organic fraction for an accurate description of the
hygroscopic properties of aerosols and, as a consequence, the need of improved
representations of these chemical species in current aerosol models.

4.2.2 CRH

The experimental CRH values obtained for PM.; samples collected at MI-TS by means
of electrical conductance measurements in the AEC were compared with calculations
from the parametric model proposed by Martin et al. (2003)"*¢ and described in Section
2.2. The X and Y parameters that feature in the equations for the calculation of CRHgar
and CRHenq are those in Eq. 2.19 and 2.18. The domain of applicability of this
parametric model is such that CRH(X,Y)21%; this corresponds to X>0.5 (if Y is set
constant at 1) and Y>0.25 (if X is set constant at 1). Within the studied dataset, the
condition on X is always satisfied, whereas that on Y is satisfied for all the Summer
samples, which are sulphates-rich, but for 10% of Winter, Autumn and Spring samples
because they are nitrates rich and are characterised by Y values close to 0. Overall, the
CRH parametric model by Martin et al. (2003)'* was applicable to 40% of all the
collected MI-TS PM,; samples. Because of the very low statistic about Spring and
Autumn samples, the following comparison (summarised in Table 4.3) was only carried
out for MI-TS PM, ;5 samples collected in Summer and Winter.

Experimental Martin et al. (2003)"*"

CRH CRHstart CRHend
63.24+1.1% 28.1%42.4%  27.1£2.2%
Summer
Winter 47.040.6% 25.44-4.5% 24.04+4.7%

Table 4.3: Comparison of experimental CRH (maximum gradient of electrical conductance
136

curves) and CRH values calculated with the parameterisation from Martin et al. (2003)
The average modelled CRHgare and CRHenq differ by ~35% RH from the experimental
CRH for Summer samples and by ~22% for Winter samples (data in Table 4.3). The
reason of these wide discrepancies lies in the presence of solid surfaces in atmospheric
aerosols that can lead to heterogeneous nucleation, whereas the parametric model by
Martin et al. (2003)'* was derived for pure H'-NO; - SO,* -NH," aerosol systems. For
example, the presence of metal oxides (i.e. Fe;Os, TiOs..) in ammonium sulphate aerosol
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particles was found to lead to an increase of 32% in CRH if compared to pure (NH4)2SOy;
the reason of this is that such insoluble chemical species can act as crystallization nuclei
driving heterogeneous nucleation, which results in crystallization at higher RH
values®”'¥7. Furthermore, the presence of organic material, such as glycerol or carboxylic
acids, was also found responsible of increasing the CRH of saline aerosols”. Previous
studies on PM,; in Milan'®" individuated up to ~2 wt% of mineral dust (AL, Si, K, Ca,
Ti, Fe, Na and Mg oxides) and ~1 wt% of heavy metal oxides (Cu, Zn and Pb oxides) on
the overall PMa 5 mass. Carboxylic acids were indicated to account for up to ~3% wt% of
the total PM,; mass for aerosol particles collected at MI-TS in this work and at the same
sampling site the entire organic fraction was found to account for ~30% to ~50% of PMs;
particles mass®.

Therefore, it is likely that insoluble inclusions and organic matter cause these
discrepancies between experimental CRH values and data obtained from the parametric
model by Martin and co-workers (2003)"® for an homogeneous system composed of H'-
NO; - SO,*-NH,", which is thus not suitable for the simulation of the CRH of the
complex atmospheric aerosol. This is in contrast to what found for DRH values
simulated with E-AIM Model: deliquescence, which is an equilibrium process (Section
2.1.1) driven by hygroscopic species, can be estimated (even if with some bias) by means
of a thermodynamic model by just partially taking into account the chemical
composition of aerosol particles; on the other hand, crystallisation is a kinetic process
and the presence of insoluble inclusions and other chemical species that can promote
heterogeneous nucleation necessarily need to be taken into account for a more realistic
estimation of CRH values. This makes the CRH measurements in this work particularly
valuable, since there is no way of estimating the RH of crystallisation for complex
atmospheric aerosol system, as for DRH instead (even if, again, the estimated DRH
values are affected by some uncertainties).

4.3 Effect of the Physical State of Atmospheric
Aerosols in Various Fields of Application

In this Section, implications of the previously presented phase transition relative
humidities of atmospheric aerosols and of their hydration state for three different fields of
application are discussed. The importance of evaluating DRH and CRH of atmosperic
aerosols for energy saving strategies in Free-Cooled Data Centers!!?¥" is discussed in
Section 4.3.1, the impact of deposited aerosol particles as a function of their physical
state on cultural heritage stone artifacts® is presented in Section 4.3.3 and the
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importance of considering the hysteresis of the aerosol hydration state for remote sensing

160

techniques'® is evaluated in Section 4.3.4.

4.3.1 Implications for DFC Data Centers

In a Data Center (DC), a high density of computers (Information Technology, IT: data
storage, computational power, global networks, etc.) results in a power density demand
that can reach 1 kW /m? which is coupled as well to a substantial rise of the temperature
inside the DC?®Y519%  Ag a result, the cooling systems in a DC may use up to 35-50% of

the entire installed power!® 197

, which is considerable given that DCs alone are estimated
to be responsible for 1-2% of the overall electricity consumption worldwide™19%1%,
Traditional cooling apparatuses are based on industrial air conditioning units, whose
operational and environmental costs could be reduced by using Direct Free Cooling
(DFC) systems, in which outside air is used to directly cool the IT under favourable

weather conditions.

However, this approach implies the introduction in the DC of outdoor aerosol particles
that can deposit on electronic circuitry and represent a potential danger for the installed

electronic components, especially when hydrated® ¢,

because of the electrical an
electrochemical processes they can trigger that were discussed in Section 1.2.3. Besides,
the effects of deposited aerosol particles on printed circuit boards (PCBs) depend on the
density of particles on the PCB surface. In fact, according to the percolation theory!'®!,
the aerosol loading has to exceed a critical surficial concentration value in order to create
a continuous conductive path. A further factor that affects electrical bridging caused by
deposited particles is that the conductance of aerosols can be different as a function of
their physical state. If the aerosol particles are hydrated (i.e. over the DRH with
increasing RH or over the CRH if RH is decreasing from above the DRH) the ionic
components spontaneously dissolve, creating a conductive electrolytic solution. Therefore,
hygroscopic particles can potentially originate conductive paths and cause electrical
leakage®®.

For these reasons, the American Society of Heating, Refrigerating and Air-Conditioning
Engineers (ASHRAE) has published guidelines on the gaseous and particulate
contaminants concentrations (ISO-8 class threshold, 1SO14644-1, maximum particles
concentrations summarised in Table 4.4) and thermodynamic conditions permitted in
DCs (“allowable”: 15 °C to 32 °C, 29—54% RH at 25°C; “recommended”: 18 °C to 27 °C,
20-61% RH at 25°C)"56:201202 " Nevertheless, these are general guidelines and do not take
into account the site-specific and seasonal chemical composition of atmospheric particles
that determine their DRH and CRH in a given location.
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A method for the optimization of the operating conditions of a DC to achieve
simultaneous energy saving and aerosol corrosion prevention by complying with these
guidelines from ASHRAE 0201202 ot the same time was proposed in the work by Ferrero
et al. (2013)'". The presented case study was conducted at Sannazzaro dé Burgondi (Po
Valley, Italy) and was aimed at the optimization of the operating conditions of a DC
designed for the Italian Oil and Gas Company (ENI) (5200 m? of IT installed, 30 MW,
opened in December 2013). The proposed approach was based on a DFC system and on
the chemical characterisation of the atmospheric aerosols on-site.

The study consisted in the characterisation of chemical-physical properties of
atmospheric aerosols at the DC site. Particle number size distribution measurements
(two OPCs (Optical Particles Counter) Grimm 1.107, ‘wet’ and ‘dry’) were carried out
and in order to simulate the conditions inside the DC before its construction was finished
and a literature approach was applied for the estimation of indoor aerosol

58,59.,203

concentrations . An overview of the measured outdoor and of the indoor simulated

concentrations for three dimensional classes (d>0.5 pm, d>1.0 ym, d>5.0

Average concentration (particles m™)
Simulated @ ASHRAE

Outdoor indoor limits
d>0.5um 1.1-107 2.2-10° 3.52-10°
24/03 - 19/03 d>1.0um 6.2-10° 2.7-10 8.32-10°
d > 5.0um 4.0-10% 0.0 2.93-10*
d > 0.5um 5.3+ 10° 4.3-10° 3.52+10°
10/06 - 10/07 d>1.0um 5.9-10° 2.4-10* 8.32-10°
d>5.0um 2.5-10* 0.0 2.93-10°

Table 4.4: Measured outdoor and simulated indoor particles concentrations compared with
recommended limits from ASHRAE.

pm) are shown in Table 4.5. These results imply that the DC can be subjected to aerosol
concentrations that can be both above and below the ISO-8 guidelines and therefore
revealed the need of an air filtration system so that these limit number concentrations
could be satisfied'®*" also considering that high pollution events in the Po Valley are
common. Consequently, 456 MERV13 filters were installed in the DC but, since their
overall filtering efficiency is known to be lower than 100% and it is dependent on the
particles’ size and on the filter’s load®”, there was still the need to chemically
characterise the smaller particles that are able to enter the DC despite the filtrations
systems. Therefore, PM; and PM,; outdoor sampling and their ion fraction chemical
characterisation (Section 3.5) were performed; their average concentrations during the
two sampling campaigns are shown in Table 4.5.
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The DRH was estimated with the E-AIM Model from the ionic composition of the
outdoor samples: all the mean DRHs (Table 4.5) were found to be higher than 60%.
Moreover, the values for PM; were above 60% for 55% of the time (sampling campaign:
24/03 - 19/03) and for 66% of the time (sampling campaign: 10/06 — 10/07), while for
PM,; the same was observed for 69% and 64% of the time, respectively. Thus, 60% RH
was chosen as the upper limit for the DFC operating cycle, as a rule to prevent the
corrosive effects of the potential deposited aerosols. In addition, the chemical composition
of indoor particles was also simulated by applying a volatilisation correction parameter®”
for NHsNO; to the measured outdoor chemical compositions, since phase changes can
occur when outdoor aerosols are introduced in the DC*®, which is always operated at a
fixed temperature of 25° C. This means that inside the DC, the ammonium nitrate in
atmospheric particles can partially volatilize and if the DRH is estimated considering this
volatilisation correction it increases on average of 7.5+0.7% for PM,; and of 4.3+0.6% for
PM,; with respect to the values reported in Table 4.5 when particles enter the DC,
because they are poorer in nitrates. This confirmed that the precautionary 60% RH
threshold represents the most restrictive operation scenario and that slightly higher RH
conditions could be safely adopted, following a chemical characterisation of aerosol
particles actually entering the DC.

Outdoor Simulated indoor
Concentration Concentration
) DRH ) DRH
(ng m*) (ng m*)
24/03 - PM, 11.940.4 61.2+1.1% 2.7+0.1 69.24+1.1%
19/03 PM, 5 20.6+0.6 68.4+1.4% 3.0+0.1 75.5+0.8%
10/06 - PM, 13.14+0.4 60.8+1.4% 1.940.1 64.5+1.0%
10/07 PM, ;s 17.0+0.4 62.44+0.9% 2.1+0.1 67.3+0.9%

Table 4.5: Outdoor and simulated indoor concentrations of the PM1 and PM2.5 fractions
from two sampling campaigns, together with average DRH values obtained with E-AIM
Model simulations.

Figure 4.8 shows a psycrometric chart with the “allowable” (blue area) and the
“recommended” (red area) thermodynamic ranges indicated by ASHRAE"-201202  The
area delimited with black lines indicates the conditions when the DFC is operated in the
ENI Data Center. This region was individuated combining the lower limits for T and RH
of the “allowable” and the evaluation of the chemical-physical properties of aerosols
entering the DC.

Thanks to the analysis of meteorological data at the DC site (Environmental Protection
Agency, ARPA Lombardia), it was possible to estimate how often during a year the
environmental conditions match those that were individuated by Ferrero et al. (2013)"%7
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and the DC can be geared with Direct Free Cooling. As a result, it was found that the
DFC system can be operated for 78% of the time, which reflects in a potential energy
saving of 7.4 MWh and 2.7 fewer tons of emitted CO, (calculated with an emission factor
of 362 g(CO,) kWh' European Environmental Agency) per year for each kW of installed
IT. The associated overall economic saving is considerable too and was estimated to be of
€ 33 million (considering a cost of energy of 0.15 € kWh). It is important to underline
that even thought the obtained results are site-specific, the proposed methodology is of
general application.
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Figure 4.8: Psycrometric chart representing the “allowable” (blue area) and the

“recommended” (red area) from ASHRAE®%21202 {qoether with the operating

conditions of ENI DC (black box) individuated by Ferrero et al. (2013)*". The
striped area represents the hysteresis region between DRH and CRH''2

This work by Ferrero et al. (2013)"" proposed the first experimental approach to achieve
the determination of safe conditions of operation of DFC thanks to the knowledge of the
on-site aerosol properties. Some other recent studies used conductivity measurements in
order to investigate these aspects (see also Section 3.1.1), but they either considered
simple salts solutions' or they® followed the vague ASHRAE guidelines'™, which
suggest to “brush off” some dust from a server surface and sprinkle it on the surface of a
test circuit board, with a procedure that lacks of any standardisation. In addition, these
guidelines only indicate the need to estimate the DRH of deposited aerosol and none of
the cited studies takes into account any CRH estimation.
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Hence, a following study by Ferrero et al. (2015)"? fills these gaps by directly measuring
the DRH and CRH of atmospheric aerosols with a conductance method (Section 3.2) and
comparing the experimental results with calculations from E-AIM 11! and a
parametric model'® (also applied in Section 4.2.1 and 4.2.2, respectively), in order to lay
the foundations for the real-time estimation of the aerosol hydration state within a DC,
knowing its chemical composition. Furthermore, a way of overcoming this lack of
methodology standardisation was proposed and it involved the sampling of atmospheric
aerosol using those standard methods adopted for atmospheric PM gravimetric
determination both in Europe and in the USA. In addition, the collection efficiency of
PM, ;5 aerosol sampling decreases with increasing particle size (50% at 2.5 pm) and drops
to zero above 3 pm. This approach makes possible to collect particles smaller than those
characterised by 100% filtration efficiency of the MERV13 filters usually installed in a
DC.

The direct measure of CRH allowed the individuation of the striped region in the
psychometric chart in Figure 4.8, which indicates the area between DRH and CRH,
where the application of DFC depends on the RH previous history. This would not have
been possible without direct measurements of the CRH because, as it was shown in
Section 4.2.2, the only literature parametric model for CRH'* is not applicable for the
estimation of the CRH of complex atmospheric aerosols.

4.3.2 Effect of the Carbonaceous Components on the

Conductance Properties of Deposited Aerosols

All the previous studies focused on the potential risk deriving from particles deposited on

electronics, both presented in this work"?'®" and from literature®!06:152 155157159

, mainly
took into account either pure salts or the sole inorganic hygroscopic fraction. However, it
is also well-known that other components in aerosols are hygroscopic, such as carboxylic
79,81,97,104,189,205

acids, aminium salts and other organic compounds classes , and they could

consequently be involved in this kind of phenomena'®?%, In addition, Anderson et al.
(1988)27 experimentally demonstrated that even non-electrolyte substances (sucrose in
his study) can provoke deterioration of PCB components. Nevertheless, to the authors’
knowledge, the synergy between ionic components and other common atmospheric
aerosol conductive species, such as soot, in the formation of this kind of electrical bridges
was never investigated. The term “soot” indicates carbonaceous particles deriving from
combustion processes and composed of graphene layers with small contents of

208

heteroatoms, especially oxygen and hydrogen®”®. Laboratory flame soot was proven to be

electrical conductive'™, even if the measured conductivity values (between 10 and 102
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Q'em; depending on the sample density and on the fuel used for soot production) could
be some orders of magnitude less than pure graphite (between 10* and 10! Q -em™,
depending on the sample density). This is caused by the mainly disordered and
amorphous structure of soot: in fact, unlike pure graphite that has just hybrid sp? C
atoms and valence electrons in the remaining 1-orbital, flame soot contains also sp?
bonds?#°, Accordingly, supposing that soot could play a role in electrical bridging
processes caused by aerosols deposited on electronics seems reasonable.

In this Section, the role of the inorganic ionic and carbonaceous fractions in the
measurement of the conductance of deposited aerosols is investigated, with particular
reference to the synergy between these different chemical species. A data set of 56 PM;
aerosol samples collected at MI-TS (urban site, 44) and at OB (rural site, 12) (Section
3.3) was examined. Each sample was measured in the AEC by means of the conductance
method (with the first experimental setup described in Section 3.6.2) and their ionic
fractions were characterized by means of ion chromatography (Section 3.5). In addition,
pure saline and externally mixed soot and saline aerosols were generated and collected on
PTFE filters (Section 3.4); their conductance during humidity cycles was measured as
well. In the following Sections, the ionic and carbonaceous contents are presented
separately for samples with detected or not-detected conductance for the two different
sampling sites. The results of the performed conductance measurements are discussed in
relation to the quantified ionic content and the possible influence of the carbonaceous
fraction on these measurements is discussed for atmospheric aerosol, pure saline and
mixed saline-soot samples.

4.3.2.1 Measured A G’deliquescence and A Gcrystallization

Average, highest and lowest measured AGaeiquescence; AGerystaliization (Which are the
variations in conductance, G, associated to deliquescence and crystallization, see Section
3.2.1) and maximum conductance for the subset of samples with measured DRH and
CRH (31 samples) are reported in Table 4.6. AGaeiquescence 18 always higher than
AGysalization (average values of 11.242.7 and 2.5540.49 1S, respectively), simply because
the crystallization occurs at supersaturated conditions: during the dehumidification,
between the DRH and the CRH the measured conductance gradually decreases as water
evaporates until the actual crystallization occurs, and therefore AGaeliquescence >
AGaystatization-
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AGdcliquosconco AGCl'ystallization Gmax

(1S) (1S) (1S)

Minimum 0.348 0.0381 0.572

Maximum 64.4 10.01 130.2
Average 11.2 2.55 52.3
Smean 2.7 0.49 6.5

Table 4.6: AGadeliquescence, AGearystaliation and maximum conductance (pS) for the subset of samples
(31) with measured DRH and CRH.

The comparison between measured AGueiquescence and of Gmax values with the 10° Ohms
failure threshold (corresponding to a conductance of 1 pS) usually set for PCBs®'*' can
show if the deliquescence and the water absorption promoted by atmospheric aerosols
deposited on PCBs can represent an actual danger for them. This failure threshold
indicates the minimum resistance (maximum conductance) beyond which electrical
bridging between two neighboring plates can cause failure. On average, the increase in
conductance associated with the deliquescence of the water soluble components in the
samples is 11.2+2.7 pS, which is one order of magnitude higher than this threshold value.
In addition, AGuetquescence < 1 pS was measured for just the 16% of the samples and for
just one sample over the entire dataset the measured Gm.x was below this threshold level.
This means that for the large majority of the samples the 1 uS threshold is exceeded
either during the deliquescence process or because of the subsequent water absorption by
the deposited aerosol particles. It is true that the measured conductance values depend
on the setup of the experimental apparatus, but the orders of magnitude of AGueiquescence
and of Gmax measured in this work indicate anyway that these processes can be
potentially dangerous for PCBs contaminated with deposited hygroscopic aerosol.

Beside the electrical conductance increase caused by deliquescence, it is also worth noting
that during the humidification phase the electrical conductance of the samples is always
activated before the deliquescence range (see the case study sample in Figure 3.3). For
55% of the samples the measured conductance was already higher than 1 pS at the initial
point of the deliquescence region. These results indicate that the hygroscopic components
are not the only potentially dangerous components in aerosol, but other conductive
species could be involved in the formation of electrical bridging phenomena too, also at
RH values below the DRH of the water-soluble components. Understanding what causes
the activation in these conductance measurements is therefore crucial to better
comprehend all the factors involved in the determination of the electrical conductance
properties of aerosols.

In this respect, an important aspect is that no electrical signal was detected for 20 out of
the 56 considered samples. The existence of a minimum aerosol loading for the
conductance to be detected with this experimental setup was discussed in Section 3.6.2.
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Thus, there is the need to investigate what gives rise to it in order to understand what
determines the electrical conductance properties of aerosol samples. Therefore, in Section
4.3.2.2 the ‘quantity’ (surficial loading) and the ‘quality’ (chemical composition) of the

considered aerosol samples is investigated.

4.3.2.2 Chemical Composition Differences for Detected and Not-
Detected PM,; Samples in AEC Conductance Measurements

In Table 4.7 a comparison between detected (36) and not-detected samples (20) is shown
and it refers to the whole dataset, i.e. to samples from both sampling sites (MI-TS and
OB). (Note that in this Section and in the following, for every t-student test presented a
significativity value of ax=0.02 was considered).

First of all, the average PM,5; mass concentrations on filter are on average higher for
detected samples (199.3+8.6 g cm™) than for not-detected ones (128.4+5.8 g cm®) and
the t-student test confirms that for the two sets of samples these means are statistically
different. In order to understand if it is just the overall amount of deposited aerosol that
determines its electrical conductance or also its chemical composition, the same
comparison was carried out for the different chemical species considered.

The inorganic ionic fraction average masses need to be considered, because when charged
species pass in solution they form a conductive medium (Section 3.1). The data reported
in Table 4.7 show that they do not statistically differ for detected and not-detected
samples and they turn out to be 70.8+5.4 png cm™? and 57.64+5.2 pg cm?, respectively. In
addition, a quite surprising result can be obtained comparing mass/mass percentages
(wt%) for the ionic inorganic fractions, since they even result statistically higher for not-
detected samples (43.742.6%) than for samples with detected conductance (35.3+2.1%).
If the samples with the highest ionic surficial content are those that are not conductive,
it can be supposed that the presence of saline hygroscopic compounds is not the only
necessary condition to create a continuous conductive path between particles deposited
on a hydrophobic substrate such as PTFE, and therefore to provoke electrical bridging
phenomena in contaminated PCBs. For this reason, the hypothesis that conductive soot

plays a role in this process was investigated.

The elemental carbon (EC) and organic carbon (OC) content in the 56 samples in the
dataset was estimated from simultaneous sampling campaigns of PM,; on quartz fibre
carried out at MI-TS and OB. The results of these sampling campaigns and of the
quantification of EC and OC by means of a Thermal Optical Transmission method'™
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were presented in a previous study®. The overall seasonal EC and OC mass percentages

are reported in Table 4.8 for both sampling sites.

Mass concentration / pg cm™ wt%
Tonic Tonic
PMz; . Unaccounted EC oC . Unaccounted
n fraction fraction
Detected Mean 199.3 70.8 128.5 24.9 48.7 35.3% 64.7%
36
samples Smenn 8.6 9.4 6.7 1.5 3.0 2.1% 2.1%
Not Mean 128.4 57.6 70.8 12.0 25.8 43.7% 56.3%
detected | 20 ; ; ” .
samples Smean 2.8 9.2 3.6 1.4 1.3 2.6% 2.6%
t 6.834 1.767 7.572 6.230 6.967 2.531 2.531
Eerie 2.399 2.403 2.403 2,403 2.410 2.421 2421
t-student test t > bt b < orit t > o t > teit b > teit |t > taw t > toi
Result different equal different different  different | different different
means means means means means means means

Table 4.7: The mean mass surficial concentrations for the overall PMs s content, the inorganic
ionic fraction (calculated as the sum of F-, CI', NOs, SOs*, Na", NHs", K | Ca?", Mg?"), the
unaccounted fraction (calculated as a difference between the previous two quantities), the EC and
OC content are presented. Weight percentages (wt%) for the inorganic ionic and the unaccounted
fractions are reported, as well. Average values are reported alongside the corresponding standard
deviation of the mean (Smean) and the whole data set is split into detected and not-detected
samples, in relation to the conductivity measurements in the AEC. n indicates the number of
samples in each subset. t-student test results are also shown (t is calculated value for the samples,
teit (0.02 significativity) is the calculated critical value for the case of the comparison between two
averages that come from different populations).

EC % oC %

Spring 12.0 21.6

MI-TS Summer 15.1 19.1
site Autumn 13.0 21.6
Winter 10.9 24.0

Spring 4.0 16.9

OB Summer 4.9 16.8
site Autumn 4.0 16.9
Winter 3.1 16.9

Table 4.8: Elemental carbon (EC) and organic carbon (OC) mass percentages for the two
sampling sites (MI-TS and OB) in the four seasons, from the data in Perrone et al. (2013)".

85



Chapter 4. Measurements of DRH and CRH of Atmospheric Aerosol Smples

In Table 4.7 the average surficial masses for EC and OC are presented. The most
relevant result is the one relating to elemental carbon: as envisaged, the mean surficial
distribution for detected samples is statistically higher for detected samples (24.94+1.5
ng em?) and it is more than double than for not-detected ones (12.0+1.4 ng em™). The
mean OC masses are another relevant factor, since many organic compounds have a well-
known hygroscopic behavior (Section 4.3.2) and can therefore have a role in the
formation of a potentially dangerous conductive solution on PCB surfaces. In a similar
way to what has been pointed out for EC, detected samples result richer in OC than
those that did not show any electrical conductance response, and their average OC
contents are 48.74+3.0 ng cm™? and 25.841.3 pg em™, respectively. This broad discrepancy
observed for the carbonaceous fractions together with the fact that the average ionic
content is not statistically different for detected and not-detected samples represents a
first important indication that a synergy between these different chemical components is
necessary to determine the electrical conductance of aerosols.

4.3.2.3 Comparing Samples from an Urban and a Rural Site

Furthermore, if the entire dataset is split between samples collected at the urban site
(MI-TS) and at the rural site (OB) (Section 3.3), other proof of a synergy between the
ionic fraction and elemental carbon can be found.

The statistically higher PM,; surficial mass for detected samples that was found for the
entire dataset is reproduced once samples from the two different sampling sites are
separated. The OB samples present a mean PM,; loading of 201.64+9.2 pgcm? for
detected ones and 126.748.6 pg cm™? for not-detected ones; for MI-T'S samples, the mean
PM,; loading is 174.248.9 pgcm? for detected ones and 130.5+8.2 pg cm™? for not-
detected ones.

In this case, though, it is worth highlighting that only 25% of OB samples showed an
electrical conductance response (3 out of 12), while this percentage was 75% for MI-TS
samples (33 out of 44), even if the two samples subsets have similar total PM,s average
masses deposited on filter (MI-TS samples: 74.8-315.8 pg cm™?; OB samples: 100.0-184.4
ng ¢cm?). To better understand this different behavior of the samples from the two
different sampling sites, the chemical composition of the two subsets has to be considered
(Figure 4.9).

First of all, the average ionic contents of the samples from both the rural and the urban
site are comparable and do not statistically differ for detected and not-detected samples
(t-student test, o=0.02). Therefore, if the sole ions determined the electrical
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conductance properties of these two different types of aerosols, the discrepancies in the
percentages of detected and not-detected samples observed for the two different sampling
sites could not be explained. Secondly, when the EC average contents are compared, they
are statistically higher for the MI-TS site (26.5+1.3 pgem? for detected samples,
17.0+£1.1 pg em? for not-detected samples). The poor EC content for rural samples is
therefore responsible for the fact that the majority of OB samples didn’t show any
electrical response and they are respectively 7.34+1.3 pgcem? for detected samples and
5.9+ 0.5 pg cm™ for not-detected ones.

100
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os

Surficial mass / pg cm?
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S S 3 3
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fraction EC ocC
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Figure 4.9: Average surficial mass distributions (pg ¢cm™) are compared for MI-
TS (grey) and OB (green) samples. Data for the quantified inorganic ionic
fraction, the estimated EC and OC content are shown and data are reported
separately for detected and not-detected samples. Error bars indicate the
standard deviation.

Accordingly, the two different subsets of samples collected in the two different sampling
sites and with distinct chemical composition present a different electrical response. This
result highlights once again the aforementioned synergy between the inorganic ionic
components and the conductive elemental carbon fraction in the determination of aerosol

conductance properties.
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4.3.2.4 Laboratory Generated Aerosol Samples

In order to prove the role of this synergy in the determination of the electrical
conductance of deposited aerosols, conductance measurements on laboratory generated
aerosol samples (Section 3.4) were performed.

First of all, pure saline aerosol samples collected on PTFE filters were exposed to
humidification and dehumidification cycles in the AEC. None of the 9 samples showed
any electrical signal when humidity was varied inside the chamber, even if their mass
loadings were considerable (from 116.584 to 857.716 ng em™?) and at least comparable or
even significantly higher than the surficial mass distributions of the atmospheric samples
presented in Sections 4.3.2.2 and 4.3.2.3. The formation of little droplets of saline
solution over the surface of the PTFE filter was visible to the naked eye at high RH
values. This kind of behavior was attributed to the hydrophobic nature of the filtering
substrate and it results in the formation a discontinuous medium and in the lack of any
conductance signal between the electrodes. Electrical conductance measurements were
conducted on pure laboratory generated soot, as well. The measured electrical
conductance at 30% RH for the eight considered samples was in the 20-180 pS range
despite they had a surficial mass distribution of 3 to 20 pg cm?, at least of one order of
magnitude lower than the mass loading for pure saline aerosol samples.

At a later stage, 12 mixed saline and soot samples were exposed to the same humidity
cycles in the AEC as the atmospheric aerosol samples. Contrary to the pure saline
samples, an electrical conductance signal was measured for all the mixed saline and soot
samples. Therefore, the presence of soot is essential for the creation of a conductive
medium in these laboratory generated samples. The reason for this is schematized in
Figure 4.10, which represents the portion of aerosol deposited on PTFE filters between a
pair of electrodes in the AEC filter housings. When a pure saline aerosol is deposited on
a hydrophobic surface like PTFE and the deliquescence of its components occurs, tiny
isolated droplets of an electrolytic solution are formed, thus preventing the creation of a
continuous conductive path on the surface of the sample (Figure 4.10-A), even with a
very high surficial mass distribution on filter. When soot is added to the saline
components, it helps the formation of an electrical bridge thanks to its conductive nature
(Figure 4.10-B); in this case, an electrical signal is measured between the two electrodes
because a conductive continuum is formed between them.
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Figure 4.10: Interpretation of the results of the conductance measurements on
pure saline samples (Panel A) and for mixed saline and soot samples (Panel B).
The area hetween a pair of electrodes in the AEC is represented with an
exemplification of the laboratory generated aerosol samples deposited on a
PTFE filter, before and after the deliquescence of the saline components.

Some pictures were taken with a stereomicroscope (Leica Wild M420, 64x enlargement)
for mixed saline and soot samples, before and after the AEC humidity cycles, in order to
qualitatively investigate any possible visible change in the morphology of the samples
due to the deliquescence and recrystallization of the saline components that could
support this interpretation of the obtained results. In Figure 4.11 a mixed ammonium
sulphate and soot sample is shown before (Panel A) and after (Panel B) the RH cycle in
the AEC. The two images represent different portions of the same sample. In the image
in Panel A, the surficial distribution of the sample is essentially uniform: the soot
particles are visible and they appear mostly uniform in size, even if just a few coarse
agglomerates are present. In Figure 4.11-B, which was taken after the humidity cycle,
the effect of the deliquescence and crystallization of (NH4)»SO4 on the morphology of the
sample is clearly visible. The distribution of the particles is uneven on the filter and
some white crevices have formed in the previously uniform texture of the sample. A
possible explanation for this is that when the saline component deliquesces on the
hydrophobic surface of the PTFE filter the formed solution tends to form structures like
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that showed in the scheme in Figure 4.10-B; afterwards, when crystallization occurs, the
creation of crystals in certain localized areas results in the formation of these structured
fissures.

Figure 4.11: 64x enlargement of a mixed (NHi)2SO4 and soot laboratory
generated sample, before (Panel A) and after (Panel B) a RH cycle in the AEC.

In conclusion, with the results presented in this Section, it was shown that other aerosol
conductive species, such as soot, and their interaction with the hygroscopic components
have a role in the formation of electrical bridging phenomena that can be potentially
dangerous for PCBs, if aerosol is deposited on them with a certain surficial mass. This is
particularly relevant for studies that focus on this area of research, because so far all the
effort has been to put in the understanding of the effects of saline hygroscopic
components only. The present study included measurements on laboratory generated
samples and simple considerations on the EC and OC contents in PM.; aerosol samples
from the two sampling sites. A further step ahead in this field of investigation could be
achieved by means of direct measurements of the carbonaceous fractions to confirm what
found with these estimations in Section 4.3.2.2 and 4.3.2.3. A further step ahead could be
evaluating the effect of atmospheric aerosols directly on test boards; with this respect, a
standardised deposition method on aerosol particle is fundamental and a good option is
represented by the Rotating Impactor described in Section 3.1.1 and more in detail in the
works by D’Angelo (2016)'%" and Casati (2016)'%

4.3.3 Implications in Heritage Climatology

In the work of Casati et al. (2015)* the electrical conductivity measurements for the
determination of DRH and CRH on Milan PM,; samples were coupled to meteorological
data to give an indication of the possible hazards for cultural heritage stone artefacts
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that can be originated by deposited aerosol particles, within a so-called ‘Heritage

21 says that, even

Climatology approach’. In a recent publication, Brimblecombe (2013)
if this approach is still not well-defined, it needs to “characterise climate elements
particularly relevant to heritage and recognise the importance of a number of critical
meteorological parameters relevant to material heritage”. He also pointed out that the
damage associated to particular combinations of these parameters or to the persistence of

certain conditions can result enhanced, and this would need to be considered.

The decay of outdoor-exposed stone materials strongly depends on factors related to climate

and pollution?2™22 of their surrounding environment. In particular, deposited aerosol

07.213.214 and their hygroscopic properties are considered

67,215,216

particles can damage stone surfaces
among the most relevant factors influencing this kind of processes

As discussed in Section 1.2.3, different chemical-physical mechanisms are associated to
different types of stone-decay hazards. First, the presence of liquid water adsorbed on a
stone surface can trigger a wide number of different decay processes (such as solid-liquid
reactions, acid attack, penetration of salts solutions in the porosity of materials and biofilms
formation) and the Time Of Wetness (TOW) was therefore indicated to be a good indicator
for the hazard associated to “chemical” decay-mechanisms ™, TOW represents the time
fraction in which liquid water could be present on a stone surface. Besides, “mechanical”
decay-mechanisms can be induced by the physical stress associated to the crystallization
of dissolved saline components, due to variations in the ambient RH. The number of
crystallization-dissolution cycles (Ncy) that deposited aerosols can undergo was indicated
in literature as a possible indicator of this kind of decay hazard™. So far, these promising
indicators have been calculated with simplified approaches. For example, TOW is usually
estimated by fixing a threshold (80% RH, 0° C) above which a surface is considered
wet® ™ in addition, the calculation of Ney in most literature studies is based on the sole
DRH*2%217 1n this way, the presence of particulate contaminants that can deliquesce at
lower RH values, the seasonal variability of their deliquescence and crystallization points
and the presence of an hysteresis cycle in the hydration state of the deposited particles
are not taken into account. If the DRH and CRH are characterised over the different
seasons, a more accurate site-specific assessment of the hazards for stone substrates can
be performed considering the synergy between the properties of the deposited aerosols

and regional climatic conditions.

Therefore, a new method that considers all these aspects was proposed and it is based on
the measurements of seasonal DRH and CRH of PM, ;s samples collected in Milan (TS
sampling site, Section 3.3) for the computation of TOW and Ncy in combination with T
and RH data over the decade 2003-2013 (hour averages from the five monitoring stations
of the local Environmental Protection Agency ARPA Lombardia). The obtained results
are summarised in Figure 4.12, which allows the site-specific individuation of the
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different decay mechanisms that can be potentially active in different seasons, as a result
of the synergic effects of the climatic conditions and the chemical composition of
deposited particles. The variability within each month shown in Figure 4.12 is expressed
in terms of standard deviation and derives from the different climatic conditions that
have characterized each month in the considered decade. On average, winters in Milan
are characterized by high time of wetness (89+11%) and low number of cycles (343
cycles/month). Conversely, summers are characterized by low time of wetness (20+13%)
and high number of cycles (1145 cycles/month). Interestingly, spring and fall resulted
the most dangerous seasons for outdoor-exposed stones, since they presented both high
TOW (61+16% and 83+15%, respectively) and Ncy (14+5 and 846 cycles/month,
respectively).
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Figure 4.12: Nc¢y and TOW monthly values calculated according to the work of
Casati et al.”".

A comparison with the simplified approaches reported in literature and previously
discussed was also performed and it allowed the estimation of the bias that the
absence of an accurate knowledge of the hysteresis loop introduces in the calculation
of these hazard indicators. The annual trend found over the same dataset for TOW
is very similar if it is computed either with the method proposed in this work® or
with a commonly used fixed threshold at 80% RH®™; however, with this simplified
algorithm the absolute percentage values result underestimated all year long of at
least 9% (July) to a maximum of 49% (February). With respect to Ney, it was
computed by considering just the DRH*2*2T or both DRH and CRH. Similarly to
what found for the time of wetness, the annual trend individuated by the two
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different methods is similar, but the monthly number of cycles is overestimated for
most months (except July and November) and on average about 64% more cycles
per year are calculated when the existence of the hysteresis loop is neglected.

Therefore, the seasonal differences in the chemical compositions of particles, DRH
and CRH values, coupled to variations in the climatic conditions, were demonstrated to
determine different seasonal trends in the calculated time of wetness and number of
dissolution and crystallization cycles and different types of related stone-decay hazards.
Accordingly, even if presented results are site-specific for the city of Milan, the
proposed method provides a tool to make nowadays hazard-assessment that is also
potentially exploitable for the evaluation of future hazardous situations.

4.3.4 Implications for Remote Sensing Techniques

Remote sensing techniques are commonly used to investigate properties on the earth’s
surface with data acquired from satellites and aircrafts*®. Satellite remote sensing has
been employed to detect atmospheric aerosols since the 1970s*°. With respect to ground-
level experimental approaches, satellite measurements allow the characterisation of the
concentrations and the properties of atmospheric aerosols on a global scale. The
importance of studying aerosols on a global scale has been increasingly recognised in the
last decades, in particular because of the increasing effect attributed to atmospheric
aerosols on radiative forcing and climate change (Section 1.2.1). The information that
can be retrieved using remote sensing techniques are related to particles concentrations
and optical properties, aerosol direct and indirect radiative forcing, emission sources and

the seasonal and inter-annual variation of these properties®'.

In the last years, several authors focused on the behaviour of aerosol hygroscopic growth

5.85.163.220’ and a

in terms of size, mass and optical properties above a critical RH value®
growing number of works investigated the effects of the hysteresis properties of the
hydration state of aerosols on their light-scattering and radiative forcing. For example,
Boucher and Anderson®' estimated an uncertainty of +20% on the direct climate forcing
(Section 1.2.1) of sulphate aerosols due to the physical state of particles within the
hysteresis loop. Similarly, Martin et al.?®* considered a simple sulfate-nitrate-ammonium
aerosol system and found a difference of 21-32% in forcing of particles when they are
considered either in the upper or in the lower branch of the hysteresis loop. The most
common remotely sensed parameter used for the retrieval of ground-level aerosol
concentrations ([PM]) is the aerosol optical depth (AOD or 7, also addressed to as
223,224

aerosol optical thickness) , which represents a measure of the extinction of the solar
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radiation due to atmospheric aerosol particles along a vertical profile. Inferring PM
concentrations from 1 satellite measurements is not a straightforward operation, since
they are very different physical quantities, t being related to the instantaneous optical
properties of particles on a vertical column and [PM] representing ground-level and time-
averaged measurements®®. This is why a linear relation between PM concentrations and
7 can be found only when the majority of the particles are concentrated near the earth’s
surface’ but such linear relations can vary because of changes in the chemical
composition of aerosols and of humidity (i.e. changes in the phase state and water
content of the particles). As highlighted by Barnaba et al.?*®) the hygroscopicity of
atmospheric aerosols strongly affects data comparison of aerosol optical thickness
obtained by remote sensing measurements and in situ PM concentrations. They also
stressed that another factor that complicates the comparison of T and PM concentrations
is that the ground concentrations are normally measured by gravimetric analysis at 50%
RH (according to EN-14907), while remote sensing measurements are carried out at

ambient RH.

Levy et al.?® proposed a more physical, but relatively simple, algorithm for the
quantification of PM,; concentrations from measured 7:

Po

PM, | = ————
[ 2.5] AZPBLGFT

M, 4.3
where: oy is the aerosol dry density, t is the measured aerosol optical depth, M’ is a
mass conversion coefficient, AZpp;, indicates the thickness of the boundary layer and GF
is the hygroscopic growth factor. Within the hysteresis loop, this last parameter cannot
be univocally defined because it depends on the RH history (Section 2.1.1) the particles
have been exposed to and errors could also be committed if the hysteresis of the
deliquescence and crystallization processes are not taken into account.

For this reason, in order to demonstrate the importance of knowing both DRH and CRH
in combination with the hygroscopic growth factor, the algorithm by Levy et al.?*® was
tested in the work of D’Angelo et al.(2016)'®. The average GFn values in the upper
(GFmu) and lower branch (GFu) of the hysteresis loop measured with the gravimetric
technique described in Section 3.6.4 were compared for 20 samples (MI-TS sampling
site). The uncertainty associated to the determination of [PM2.5] by including either
GFnu and GFpy, in 4.3 was evaluated as a percentage overestimation (A[PM2.5]%, 4.4), so
that no assumption on py, 1, AZpp, and M’, was needed.

A[PM, <]% = <[PM2.5]U - [PM2-5]L>00 _ (GFmU - GFmL> 44
25170 = o b—-

[PM; 5]y
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To calculate the most accurate potential error in the retrieval of PM concentrations from
satellite data with the algorithm by Levy et al.?* it is also relevant that during
humidification an early water uptake was detected even before the DRH. Even though
small, this phenomenon results in GF, values only slightly higher than 1 before the
DRH. For Winter samples this region of the mass growth curves occurred on average in
the 44.3-51.6% RH range, where GF\, was on average 1.024+0.03, while the upper branch
of the hysteresis region was identified on average between 48.1% and 58.5% RH. Since
the average estimated GF. was 1.25+0.02 in the upper branch of the GF. growth
curves, not considering the history of the RH can produce an underestimation of GF., up
to 23.2+0.8%. Similarly, for Summer aerosols, the average GF., for the upper branch of
the hysteresis loop (63.0-72.8% RH) was 1.43 while, for the lower branch (59.3-68.3%
RH), was 1.1540.06, with a potential mean error of 24.14+2.0%. In the light of these GFy,
values measured within the hysteresis loop in correspondence to the upper and lower
branches, A[PM2.5]% resulted 18.9+0.7% for Winter samples and 19.4+1.6% for Summer
samples when aerosols are in the upper branch (metastable state) of the hysteresis loop
rather than in the lower branch.

Therefore, for the retrieval of PM concentrations from remote sensing data, it becomes
fundamental to correctly understand whether the aerosol particles are in the upper or
lower branch of the hysteresis loop. Thus, in order to estimate the frequency of wrong
assignments of GF,, within the hysteresis loop, experimental DRH and CRH values were
used to evaluate the hydration time of aerosols for both seasons as a function of the RH
history. Data on the ambient RH from 2006 to 2014 (Environmental Protection Agency,
ARPA Lombardia) and its variation over time was compared with DRH and CRH using
the same algorithm described in Secition 4.3.3 for the calculation of TOW.

In the wintertime (664+2% RH, 28041 K, on average), these calculations suggested that
aerosols were in prevalence hydrated since the RH was above the DRH for 62.44:4.6% of
the considered time and the situation in which aerosols were in the upper branch of the
hysteresis loop accounted for 11.941.7% of the time. During Summer, the low RH
conditions (44.34+1%, 300+0 K, on average) result in a prevalence of aerosols in their dry
state: the RHSCRH case accounted for 92.5+0.8% of the total time; even if the
hydration time was estimated to be only 6.940.7%, the upper branch case occurred for
2.440.3% of the time, which suggested that when the RH is between CRH and DRH this
situation is less frequent but still present in Summer, too.
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4.4 Summary and Conclusions

In this Chapter, the results of DRH and CRH measurements by means of the electrical
conductance method in the AEC (Section 3.2) on PM,; atmospheric aerosol samples
collected at the sampling site of MI-TS were presented and discussed. The frequency
distribution of the phase transition relative humidities showed a bimodal behaviour, in
which Winter samples accounted most of all for the lower RH modes (peak in the 55-60%
range for DRH and in the 45-50% range for CRH), whereas Summer samples were
mainly represented in the higher RH modes (peak in the 70-75% range for DRH and in
the 65-70% range for CRH). The identified seasonal trends were at first explained by
considering the chemical composition of the inorganic ionic fraction of the samples
analysed using ion chromatography (Section 3.5). Winter samples resulted nitrates-rich
whereas the ionic fraction of Summer samples is dominated by sulphates. This seasonally
modulated chemical composition explains the seasonal trends individuated for DRH and
CRH average values. It was also shown that more acidic samples tend to deliquesce and
crystallise at lower RH values.

In order to evaluate the possibility of using aerosol models for the prediction of DRH and
CRH of complex atmospheric aerosols by simply taking into account the main ionic
inorganic and organic components, a comparison of the experimental results presented in
Section 4.1 and of modelled simulations was performed. In particular, E-AIM Model'®1%
was used for the simulation of DRH: results showed E-AIM Model was able to reproduce
the bimodal trend found for the experimental DRH frequency distribution, even though
with a 5% overestimation bias, but the point-to-point agreement for each sample
considered separately was shown to be poor. These results indicated that the driving
force of the deliquescence process is the hygroscopicity of the most abundant inorganic
ions and carboxylic acids and for this reason E-AIM Model is able to partially represent
the overall seasonal trends individuated from conductance measurements. However, in
order to achieve a more accurate DRH estimation for each single sample, taking into
account the entire organic fraction is necessary. As a consequence, this indirectly implies
the need of on accurate representation of the hygroscopic properties of an increasing
number of organic components characterised by an increasing degree of chemical
complexity in aerosol models, as well as the necessity of correctly accounting for the
interactions of inorganic and organic species in aqueous solutions. Simulations of CRH
performed using the parametric model by Martin et al. (2003)"*¢ demonstrated that this
model is completely not applicable for complex aerosol systems, since the effect of
insoluble inclusions that promote heterogeneous crystallisation is not accounted for.

Section 4.3 was devoted to show the importance of taking into account deliquescence and
crystallization relative humidities of atmospheric aerosol particles in three different fields
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of application. First, the development of a standardised methodology for the safe
application of Direct Free Cooling in Data Centers by considering the chemical
composition and the hygroscopic properties of aerosol particles was presented. This
approach consisted at first in the estimation of DRH values from the analysis of ion
fraction composition of aerosol samples'”, followed by direct measurements of DRH and
CRH of PMa; aerosol samples by means of the AEC conductance method!2. In this way,
it was possible to determine safe T and RH working conditions within the Data Center
such that aerosol particles that enter the DC and deposit on electronics are not hydrated,
thus preventing electrical failures promoted by deposited hygroscopic species. As a
further contribute to this field of application, it was also shown that the synergy of
hygroscopic and non-hygroscopic but conductive species in aerosol particles (i.e.
elemental carbon) can potentially promote failure of PCBs by originating electrical

bridging phenomena between circuitry components that would normally be insulated.

The second considered application of the DRH and CRH measurements was related to
the effects of deposited particles on porous surfaces of cultural heritage artefacts®. Two
hazard indicators for stone materials were suggested to describe both a “chemical” (time
of wetness, TOW) and a “mechanical” hazard (number of deliquescence and
crystallisation cycles, Necy). By coupling meteorological data and average seasonal values
of DRH and CRH measured using the electrical conductance method in the AEC, these
indicators were computed and a site-specific hazard assessment for the site of Milan was
performed. The proposed approach is not only an improvement of previous simplified
literature approaches, but is also applicable to any site of interest and potentially for the
evaluation of future hazardous situations.

Finally, the hysteresis of the hydration state of aerosol particles was considered in order
to estimate the potential bias it can cause in the estimation of ground-level aerosol

100 The measurement of mass growth

concentrations with remote sensing techniques
curves of PM.s samples collected at MI-TS were performed using a gravimetric method
in the AEC and average mass growth factor values for the upper and lower branches
within the hysteresis loop were calculated. A simple remote sensing literature

algorithm?*

for the calculation of PM.; ground concentrations was considered and the
bias in the estimation of PM,; concentrations deriving from the different size of droplets
in the upper or lower branch within the hysteresis loop was calculated. The bias resulting
from neglecting the hysteresis of deliquescence and crystallisation processes was
18.940.7% for Winter samples and 19.4+1.6% for Summer samples, when the
atmospheric conditions experienced by aerosol particles are such that CRH<RH<DRH.
Therefore, these results evidenced the need of taking into account the hysteresis cycle of
aerosol hydration state and the history of ambient RH for an accurate estimation of

ground-level aerosol concentrations using remote sensing techniques.
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Chapter 5 The Cylindrical Electrodynamic
Balance

Ensemble measurements on atmospheric aerosol samples are important because they
allow observation of the overall behaviour and interactions of aerosol particles as they
exist in the environment. However, the chemical heterogeneity of atmospheric aerosols
(Section 1.1.1) can make the interpretation of ensemble measurements quite challenging,
because thorough chemical characterisation of atmospheric aerosol samples is not always
easily achievable. In addition, particle-particle interactions can add a further
complication which needs to be avoided in case more fundamental chemico-physical
properties of aerosols are investigated. Therefore, even though studying the behaviour of
‘real’ atmospheric aerosol ensembles is essential for many fields of study, such as those
discussed in Section 4.3, considering simplified but atmospherically-relevant aerosol
systems and single isolated particles is a necessary approach to improve the
understanding and modelling of the basic properties that characterise multi-component
atmospheric aerosols (Section 2.2).

Electrodynamic trapping is an experimental technique that was developed to levitate
single droplets in a controlled environment. Electrodynamic trapping has proven to be
effective for the study of aerosol properties and processes, such as optical properties®”,

vapour pressures of low volatility compounds®™, hygroscopic properties of

91,121,127,228 45,229
)

atmospherically-relevant aqueous solutions and of pharmaceutical aerosols’

evaporation dynamics of aqueous droplets!®2%:2%

231,232

, oxidation chemistry in the aerosol
phase , exchange reactions between gaseous components and chemical species in the

condensed droplet phase®®.

Several different electrodynamic balance (EDB) setups have been proposed in the
literature and their historical development is described in the first part of this Chapter
(Section 5.1). The cylindrical electrodynamic balance (C-EDB) experimental setup used
for the acquisition of data in this study is fully described in Section 5.2, together with all
the operations for the generation, trapping and sizing of single droplets in the C-EDB.
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The features of the C-EDB wused in this work were also subject of previous

pubhcationslﬂ)(i.l 12-144,234

5.1 Hystorical Development of EDBs

Electrodynamic trapping was hystorically developed with the aim of accurately
determining the fundamental charge of the electron. With this aim, Wilson (1903)** was
the first to developed a method to observe the forces on a cloud of charged droplets
between two parallel plate electrodes. A few years later, Millikan (1910)** modified the
Wilson’s experiment in order to levitate single droplets within the electrical field
generated by the two plate electrodes. Thanks to his experimental setup he performed his
famous oil drop experiment, with which he was able to measure a very accurate estimate
of the elementary charge that earned him the Nobel prize in Physics in 1923.

Some issues with the lateral stability of the plate electrodes experimental setup were
solved in the following years by Straubel (1956)%*", thanks to the addition of a electrode
disc in the middle of the two plates, and by Wuerker et al. (1959)%*, who developed the
so-called standard hyperboloidal levitator. In the latter experimental setup, the stability
of trapped droplet was substantially increased, but the electrodes geometry limited the
access to the centre of the trap, that was necessary to apply optical methods for the
characterization of levitated droplets. In order to overcome this issue, a pair of ring
electrodes were successfully used by Ray et al. (1989)* to generate the electrodynamic
field in their trap and since then the double-ring setup has been widely used®'. The term
electrodynamic balance was introduced to indicate that the mass of a single levitated
droplet can be inferred by the variable strength of the DC voltage the electrodynamic
field to balance the force of gravity acting on the droplet.

The experimental setup used in this work is the concentric cylindrical electrodynamic
balance (C-EDB) that was first proposed by Heinisch et al. (2009)%. The electric field
generated by the cylindrical electrodes is substantially stronger and more stable than
that resulting from the double-ring geometry. The importance of this feature of the
concentric cylindrical electrodes setup is discussed in Section 5.2, which is focused on the
description of the C-EDB experimental setup used in this work.
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5.2 Cylindrical EDB Experimental Setup and
Operations

The schematic presented in Figure 5.1 (Panel A) shows a top view of the main
components in the C-EDB experimental setup. The core of the C-EDB setup is an
octagonal aluminum chamber in which two sets of concentric cylindrical copper
electrodes (Figure 5.1, Panels B-C) are housed and used to generate the electrodynamic
field in which single droplets are confined (Section 5.2.1). A circular window is placed on
each wall of the octagonal chamber, giving access to the core of the C-EDB.
Microdispensers are used to generate and deliver single droplets to the trapping region
within the C-EDB (Section 5.2.1). The two windows through which the droplet
microdispensers inject particles into the C-EDB are left open and are equipped with an
induction electrode that charges the droplets before entering the trapping chamber. A
sizing camera is placed at a 45° angle with respect to the direction of propagation of the
forward scattered 532 nm laser light. The camera collects the scattered light pattern that
originates from refraction and reflection of the incident light by the droplet. The
scattered light pattern is used to infer the size of the confined droplet in time (Section
5.2.2). A positioning camera is placed perpendicularly to the laser beam and it is useful
for visualizing the trapped droplets and keeping track of their position during the
experiments. The temperature in the trapping chamber is regulated by means of the
recirculation of liquid from a thermostatic bath through the lid (Section 5.2.4). All the
operations in the C-EDB are controlled through a software interface (LabVIEW,
National Instruments).

(A) Positioning

camera SIZIng

Temperature
regulation \ — samera
e Laser
% (532 nm)

\ Induction

electrodes

Microdispensers

Figure 5.1: (A) Schematic showing the main components of the C-EDB setup
from the top. (B) The C-EDB trapping chamber with a single levitated droplet
illuminated by green laser light. (C) Side (left) and top (right) views of the
concentric cylindrical electrodes.
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5.2.1 Generating and Trapping Droplets in the C-EDB
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Figure 5.2: Operations of the C-EDD for the generation and trapping of single
droplets. (A) Pulse voltage applied to the microdispensed for the generation of
droplet (main pulse) and for the purge of the microdispenser tip. (B) Variation
of the squared radius of an evaporating trapped droplet. (C) Adjustment of the
electrodynamic field within the trapping chamber to respond to the size
variation of the trapped droplet. (Note: timescales are arbitrary).

Single droplets can be generated on demand to be delivered to the EDB trapping
chamber using a voltage-activated droplet microdispenser (MJ-ABP-01, Microfab). The
dispenser reservoir (<10 pL internal volume) can be filled with a solution of known
composition and concentration. Once the microdispenser is loaded, a pulse voltage is
applied to it. The pulse voltage generates a pressure wave inside the solution that forces
a small volume of liquid through the dispenser’s orifice (30 pm diameter), thus producing
a droplet. The amplitude and the width of the pulse voltage can be controlled in order to
alter the trajectory of the droplet inside the trapping chamber, so that each droplet can
be delivered to the centre of the trap and effectively confined. Typically, to obtain
suitable trajectories, the amplitude of the applied pulse voltage is ~40 V, while its
amplitude is varied from 25 ps to 40 ps. In addition, between two consecutive voltage
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pulses a series of smaller purge pulses are also applied, typically every 0.1 s and with an
amplitude of about half of that of the main pulses (Figure 5.2, Panel A). These purge
pulses ensure that the solution is continuously refreshed at the tip of the microdispenser,
in order to prevent any possible solvent evaporative loss and avoid any subsequent
artefacts due to a higher solution concentration. The initial time ({y) corresponds to the
time at which the main pulse voltage is applied and is necessary for the estimation of the
initial squared-radius of the droplet (as®, Figure 5.2, Panel B, see also Section 6.1.2).
Since the measured squared-radius vs. time is linear at the beginning of the evaporation
of water, a;° can be linearly extrapolated to time ;. In this work, the linear extrapolation
was performed over the first 150 measured points (corresponding to the first 1.5 s after
droplet generation).

One key feature of the C-EDB experimental setup is the presence of two microdispensers
that can be operated sequentially, thus allowing the generation of aerosol droplets with
different chemical compositions in rapid succession. This double dispenser setup allows
comparative kinetics measurements to be performed. As will be thoroughly discussed in
Chapter 6, comparative kinetic measurements consist in alternatively levitating a probe
droplet (water or a well-characterised salt solution, such as NaCl) and a sample droplet
and in comparing the evaporation kinetics of the well-characterised probe droplets for the
interpretation of the unknown sample droplets.

In order to trap the dispensed droplets within an electrical field, a charge needs to be
conferred to them. The microdispensers are placed at about 1-5 mm from two of the
windows of the octagonal trapping chamber, each of them equipped with a copper plate
induction electrode. A positive potential of 500-600 V is applied to the induction
electrode, which causes a separation of the charges in the liquid jet leaving the
dispenser’s orifice. When the liquid jet breaks into a single droplet because of the
pressure wave generated by the applied pulse voltage, an excess of negative charge is
present on it allowing the droplet to be confined in the electrical field inside the trapping
chamber. The charge on the droplets generated with this experimental setup is not well
known, but it has been determined to be ~5-50 fC for similar methods used in
literature®*+*1°211 In addition, Davies (2014)'" performed simulations on the evaporation
of pure water droplets with variable charge on their surface (using Eq. 6.2) determining
that the amount of charge conferred to droplets using this experimental setup does not
affect the evaporation rate of water from the droplets. Variability in the rate of
evaporation of water from the droplets could happen if during evaporation the surficial
charge distribution exceeds a certain threshold, since droplets decrease in size during
evaporation and their initial surficial charge density consequently increases with time.
With these simulations, Davies (2014)"" predicted that a deviation from linearity in
squared radius vs. time evaporation profiles for pure water is expected when the charge
conferred to droplets exceeds 10 fC. The author then compared these evaporation
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simulations with experimental evaporation profiles of water droplets charged by an
increasing voltage applied to the induction electrode (from 250 V to 850 V). No deviation
from linearity was observed for these experimental evaporation profiles, suggesting that
the charge on trapped droplets in the C-EDB does not exceed 10 fC and that the charge
density on the droplet surface does not affect the evaporation rate in this experimental

system.

The electrodynamic field used to confine droplets in the trapping chamber is generated
by a set of four cylindrical electrodes. The four electrodes comprise an upper and a lower
pair of two concentric cylindrical electrodes that are insulated from each other. The outer
electrodes are kept at 0 V, while an AC voltage of up to 1000 V, with a frequency
usually around 95 HZ, is applied to the inner electrodes. In addition, a DC voltage is
applied to one of the inner electrodes to balance the permanent forces that act on the
trapped droplet, i.e. the gravitational and drag forces. The initial AC voltage and
amplitude and the DC voltage of the trapping electrodes can be adjusted by means of
the C-EDB control software in order to successfully trap droplets with variable initial
radii. Once a droplet is trapped, the AC voltage amplitude, V(a), and frequency, f(a), of
the cylindrical electrodes are automatically varied as a function of the measured droplet
radius (a), according to Eq. 5.1 and 5.2:

V(a) =V, —dV/(1—a/ay) 5.1
fla) =fo—df/(1—a/ay) 5.2

where V; and f, are the initial voltage and frequency, and dV and df are adjustable
parameters that modify Vj, and f; as a function of the ratio between the measured droplet

radius and its initial radius, a,.

This dynamic variation of V(a) and f(a) is needed because, as the trapped droplet is
evaporating and its radius decreases, the charge distribution on its surface increases.
Therefore, in order to compensate this surficial charge density variation on the droplet,
the strength of the electrodynamic field is accordingly varied in order to keep the droplet
in the trap. In the exemplification shown in Figure 5.2-C, the voltage amplitude is
lowered with decreasing measured a (Panel B), whereas the voltage frequency is

increased.

The concentric cylindrical electrodes setup results in a strong electrodynamic field, which
is characterised by a steep gradient in correspondence to the trapping region. A
simulation from the data by Heinisch et al.**® of the electrical field strength when a 1000
V potential is applied is shown in Figure 5.3 (Panel A). Figure 5.3 also compares the
electric field strength of the ring electrodes geometry (Panel B). The greater strength of
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the electric field is an important benefit of the C-EDB experimental technique for several
reasons. First of all, the strength of the electric field allows droplets to be tightly
confined within 100 ms from their generation, which is important in order to accurately
retrieve the initial radius of the droplet in the measurement of fast evaporation processes.
In addition, the strong electric field and accompanying tight confinement limit the
movement of a droplet once it is trapped, allowing a gas flow to be introduced in the
trapping chamber (Section 5.2.4) and optical measurements (Section 5.2.2) to be
performed without the need to take into account variation in the droplet position during
time.
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Figure 5.3: Electrical field strength (|E|, XV m™) for cylindrical (Panel A) and

for ring electrodes (Panel B) EDB setups from simulations by Heinisch et al.?*.

On the z axis r indicates the radial distance from the centre of the
electrodynamic field, whereas z refers to the vertical distance from the centre.

5.2.2 Sizing Trapped Droplets

Once a single droplet is trapped, accurately keeping track of how its radius varies in time
due to water evaporation is essential to determine the evaporation rate of water from the
droplet, the use of which is detailed in Sections 6.1.1 and 6.1.2. For this purpose, the
optical properties of aerosol particles described in Section 1.1.3 are exploited as described
in this Section. Each confined droplet is illuminated by monochromatic planewave light
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from a green laser (Ventus, Laser Quantum, A=532 nm, operated at 25-50 mW). The
light is reflected and refracted by the droplet and the resulting interference elastic
scattering pattern is collected every 10 ms over a range of solid angles centred at 45°
with respect to the direction of propagation of the forward scattered light by means of a
CCD camera (Thorlabs DCC1545M, operated with a resolution of 1280 x 100 pixels).
Figure 5.4 schematically shows the scattered light collection in the C-EDB. The collected
scattering pattern appears as a series of bright and dark fringes that results from the
interference of light reflected and refracted by the droplet surface (see also the
simulations in Figure 1.3). The scattered light intensity is converted to a one-dimensional
plot and the resulting phase function (angular distribution of the scattered light
intensity) is registered.
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Figure 5.4: Interference pattern of the light refracted and reflected by a
spherical droplet when illuminated by plane-wave light. The experimental
angularly resolved scattering pattern is collected and the average angular

separation of the fringes (A@) is used to calculate the droplet radius with Eq.

As discussed in Section 1.1.3, Mie theory?® provides an exact solution of the Maxwell
equations for spherical and homogeneous droplets illuminated by monochromatic plane
wave light. Mie theory can be used to determine the radius of a droplet from its
experimental angularly-resolved light scattering pattern, which is dependent on the size
of the droplet, on its refractive index and on the incident wavelength. This procedure is
computationally demanding and therefore it cannot be used to determine the radius of a
levitated droplet in real-time. Instead, the simplified geometrical optics approach
2

proposed by Glantschnig and Chen??? can be applied to infer the radius of a confined

droplet in real-time with very good accuracy. The uncertainties in the radius
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determination associated with each procedure will be discussed in the following sections
(5.2.2.1 and 5.2.2.2) and were taken into account in the calculation of the errors
associated with each measurement (as discussed in Section 6.1.3). In this work, the
geometrical optics approximation was routinely used for all the comparative kinetics
measurements in Chapters 6 and 7, while the full Mie theory approach was only applied
in the case of long trapping measurements for the determination of vapour pressures of
aminium sulphates (Section 7.1.6).

5.2.2.1 Determining the Radius of Droplets with the Geometrical
Optics Approximation

Generally speaking, geometrical optics describes the propagation of light in terms of
‘rays’, and assumes that each ray propagates linearly in a homogeneous medium, whereas
it splits into two separate rays at the interface between two separate and different media.
From a physical point of view, these assumptions are only applicable when light interacts
with objects that are much bigger than its wavelength. When the geometric optics
approach is applied to levitated droplets, the interface that causes the reflection and
refraction of light is that between the gas phase and the condensed particle phase.

Glantschnig and Chen?*?

proposed a simplified but accurate approach for the description
of the intensity of light scattered by a spherical homogeneous particle as a function of
the scattering angle. The considerations that underlie their approach are simple: light is
scattered mostly in the forward direction and the intensity of the scattered rays that
refract through more than two surfaces is negligible. For these reasons, their simplified
geometrical optics approach only considers rays that hit a first gas phase/particle
interface, are then scattered through the particle bulk and finally leave the droplet after
being refracted by a second particle/gas phase surface. Using these considerations, they
were able to derive a useful relation of the average separation between the fringes in the

generated scattering pattern (A8, as illustrated in Figure 5.4) and the radius of a droplet:

a= All—e(cos(e/Z) + m sin (9/2) )

J1+m2—2mcos (6/2)

where A is the incident wavelength (in the case of the experiments conducted in this
work, 532 nm), 0 is the central viewing angle and m is the refractive index of the

droplet.

As a result of the assumptions made for the derivation of Eq. 5.3, the application of the
Glantschnig & Chen approach is limited to the analysis of light scattered in the forward
direction and when the scattering angles are close to the direction of light propagation
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(no more than 60°). In the case of the C-EDB experimental setup, the central viewing
angle in 45° and the angular width of the images collected by the camera is ~24°. As
such, the maximum scattering angle observed is ~57° and thus the geometrical optics
relation derived by Glantschnig and Chen?*? can be reliably applied.

When the geometrical optics approximation is applied for the real-time determination of
the radius of an evaporating droplet, the accuracy in a depends both on factors relating
to the experimental setup (the angular pixel resolution of the camera (0.025°) and the
uncertainty in the calibrated angular width) and on intrinsic limitations of the
geometrical optics approach. Davies (2014)'"" estimated an overall uncertainty of +100
nm associated with the radius determined with this method.

5.2.2.2 Determining the Radius of Droplets with Mie Theory
Simulations

The determination of the radius of a trapped droplet can also be performed by collecting
full phase functions (scattered light intensity vs. scattering angle plots, as in Figure 5.4)
during the whole duration of an evaporation experiment and comparing them with a
library of Mie theory simulations****, As reminded at the beginning of Section 5.2.2, the
scattering pattern originated by a droplet is defined by the droplet radius and refractive
index and by the incident wavelength. Therefore, Mie theory can be used to generate a
series of phase functions for a set of a and m values, which are then compared to the
experimental registered scattering pattern to individuate the Mie simulated phase
function that best fits the experimental one.

Mie theory simulated scattering pattern are generated for a defined range of radii and

with a constraint on the droplet refractive index (m), according to Eq. 5.4%%2:

T e T )
m=my+-—z+—3 T 5.

where my represents the refractive index of pure water (1.335 at a wavelength of 532
nm), while m;, mg, ..., my are parameters that determine the dependence of refractive
index on the droplet radius. The Pearson correlation coefficient is calculated for each
simulated and measured phase function pair and a first radius value is attributed to each
measured phase function, which corresponds to the one with the lowest C value. In the
following step, the refractive index is varied according to Eq. 5.4 and the same
comparison is performed again with the new library of simulated phase functions.
Average C values are calculated for each set of my, mg, ..., m; parameters over all the
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analysed phase functions, and the one that shows the highest average Pearson correlation
coefficient is selected for the determination of the final a values.

The Mie theory approach is more computationally demanding than the geometric optics
approximation and needs to be applied as an off-line data analysis step. For this reason,
Mie theory analysis was only conducted for the long trapping measurements presented in
Section 7.1.6, because in this case the variations in droplet radius that are observed are
very small (of the order of a few hundred nanometres) and thus the highest possible
accuracy is required. Davies (2014)'" estimated an uncertainty within +30 nm for radii
determined by fitting full phase functions with Mie theory simulations, taking into
account the resolution of the camera, the minimum detectable light intensity change and
the uncertainty in the angular width.

5.2.3 Accounting for Variable Refractive Index in
Evaporating Droplets

The refractive index of solution droplets evaporating in the C-EDB is not constant
because the solute concentration increases as water evaporates. The variation of the
refractive index with time is taken into account to accurately determine droplet radii in
Eq. 5.3. At first, during the data acquisition, m is set constant at 1.335, the value for
pure water at 532 nm. In a post-acquisition analysis step, the radii data are corrected by
taking into account the variation of the refractive index with mass fraction of solute

(mffs).

The variation of m for a multicomponent mixture as a function of the contribute to the
mixture of its different components can be estimated by combining the single component
refractive indices and weighing them using a mixing rule (either on a volume, mass or
molar basis). In this work, the parameterisation of the refractive indices of the analysed
solutions against the solution mfs was performed by applying the molar refraction mixing

25, Among the different mixing rules that can be found in the literature, the one

rule
based on molar refraction is the only that has an actual physical basis, since it is the
only one to be consistent with the fundamental Lorentz-Lorenz relation, which associates

245

the refractive index of a substance with the polarisability of its molecules®*””. The molar

refraction mixing rule was demonstrated to be the most representative mixing rule to
describe a number of inorganic systems?.

The molar refraction (R) of a species is defined by:
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_(m?-1)M
- (m?+2)p

ot
ot

where M is the compound’s molecular mass and p is its pure melt density. The molar
refraction for a mixture of different components is defined as the sum of the molar
refractions of each compound weighted by their mole fractions (z):

R = :E: inL
i

In this study, the relationship between solution densities and mass fraction of solute and

[
D

the pure solute melt densities for the inorganic compounds shown in Chapter 6 were
taken from the work of Clegg and Wexler!®’. For ease of data processing, the density
data were plotted as a function of the square root of the mass fraction of solute (mfs”?)
and fitted with a polynomial curve (orders ranging from 4" to 7") so that the residual
from the fit was <0.005 g.cm® across the whole mfs®® range. The density
parameterisations were then used in conjunction with tabulated data of solution
refractive indices (at A = 589 nm) as a function of mfs taken from the CRC Handbook?*,
and a least squares fit with respect to m based on the molar refraction mixing rule was
perfomed in order to calculate the pure component refractive index of the molten salt
(Mmer). An example of the densities and refractive indices parameterisations obtained for
ammonium sulphate and sodium chloride are shown in Figure 5.5.
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Figure 5.5: Density (o vs. mfs”’) and refractive index (m vs. mfs)
parameterisations obtained for (NH1)2SO4 (purple) and NaCl (green), according
to the description in the text.

In order to perform the refractive index correction for the aminium sulphate evaporating
droplets (Chapter 7), the density and refractive indeces for at least 10 solutions with
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variable solute concentrations were measured a refractometer (Palm Abbe II, Misco) and
with a density meter (Densito 30PX, Mettler Toledo), respectively, since no literature
data was available for such compounds. o vs. mfs*® data were fitted with a 3" order

polynomial and the molar refraction mixing rule was applied in this case, as well.

The procedure used to take into account the variation in refractive index during the
evaporation is discussed below. The initial size of the droplet is estimated with a linear
extrapolation of the a? vs. time plot to ¢, =0 s (as described Section 5.2.1), and the initial
solute mass fraction and density of solution at ¢, are known from the prepared solution.
The elastic light scattering data are first analysed with m=1.335 to yield an initial
estimate of the variation in radius with time, also providing a first estimate of the
variation of the solute concentration and of the solution density during the evaporation.
A set of corrected refractive indices for the droplet solution is then calculated at every
time-step based on the change in size using the molar refraction mixing rule (Eq. 5.5 and
5.6). These corrected refractive indices at each time point are then used to fit a new set
of corrected radii with Eq. 5.3. This procedure is then repeated for the new set of
corrected radii until the refractive indices and radii values converge, typically after 2-3
iterations.

The result of such refractive index corrections are shown in Figure 5.6 for radius data as
a function of time collected for two NaCl solution droplets (with an initial mfs of 0.05
and initial radius of ~25 nm) evaporating into different gas phase RHs.
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Figure 5.6: Effect of the variable refractive index corrections on the evaporation

plots (radius vs. time) of two NaCl droplets evaporating into different RHs.
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The difference between the evaporation curves collected at first with a fixed m of 1.335
(grey) and those obtained after this variable refractive index correction (black) is evident
in Figure 5.6. In particular, the correction becomes more significant in the final parts of
the evaporation curves, since in that region the solute concentration is higher as a result
of water evaporation, and therefore the refractive index of the solution is higher as well.
For this same reason, the m correction is also more significant for the NaCl droplet that
evaporates into an RH of 58% than the droplet that evaporates into the higher RH
(86%). In fact, their final equilibrated radii are observed to have been corrected by ~300
nm and ~150 nm, respectively (inset in Figure 5.6).

5.2.4 Temperature and RH Control in the C-EDB

Since the confined droplets are very tightly trapped within the C-EDB electrodynamic
field, a gas flow can be introduced into the trapping cell and it can be used to regulate
the RH and temperature conditions experienced by the evaporating droplets.

A single droplet is confined in a nitrogen gas flow (BOC, oxygen free), which results from
the mixing of wet and dry N, flows. The wet flow is generated by forcing a dry N, flow
through a humidifier composed of a sealed vessel containing distilled water, resulting in a
gas flow that is saturated with respect to water vapour (wet flow). In this way, a
nitrogen flow with RH close to saturation leaves the humidifying vessel and it is then
mixed at a desired ratio with the other dry N, flow. The mixing ratio of the wet and dry
flows are varied using two mass flow controllers (MKS 1179A, operated by means of a
MKS 247D power supply), allowing control of the gas phase relative humidity within the
trapping cell.

In the C-EDB experimental setup, the gas flow can be introduced in the trapping
chamber either as a sheath flow, which passes through the inner and outer electrodes, or
as a jet flow, which goes through the inner electrode. All the measurements taken in this
work were performed using a sheath flow from the bottom electrodes and operated at a
flow rate of 50 or 200 sccm (corresponding to gas velocities of 1 and 3 em sV,
respectively). The reason behind the preferable use of the sheath flow is that it results in
more rigorously defined RH conditions within the chamber than the jet flow, because it
requires a higher flow rate to produce a flow with the same gas velocity.

The RH in the C-EDB trapping chamber is measured by observing the evaporation
kinetics of probe droplets (either pure H.O or NaCl solution droplets). The RH
determination procedure and the experimental uncertainties associated to it are fully
described in Section 6.1.1. If compared to commercial RH probes, this comparative
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approach results in smaller associated uncertainties, which is extremely important for the
determination of growth curves (Section 6.1.3) for values close to saturation. In fact, the
uncertainty in RH for commercial RH probes is typically between +1% and £5% in the
RH range 10-90%, increasing for RH values above 90%.

In addition, the temperature of the gas phase within the trapping chamber is controlled
by recirculating a mixture of water and ethylene glycol (50% v/v) from a thermostatic
refrigerated/heating circulator (Julabo, F32-HE) through the lid and the bottom of the
octagonal chamber. The accessible temperature range of the circulator goes from -25 to
50 °C, but in this study all the measurements were performed at 20 °C.

5.3 Summary

In this chapter, the Cylindrical Electrodynamic Balance setup used in this word has been
described together with all the operations needed for the generation, the trapping and
the accurate optical sizing of droplets. The most relevant benefit deriving from the
concentric cylindrical geometry of the electrodes is that the generated electrical field
within the trapping chamber is strong and is characterised by a steep gradient in
correspondence to its centre. This allows single droplets to be trapped steadily in a
controlled nitrogen flow right after their generation and it represents an essential feature
of the C-EDB experimental setup because, together with the double dispensers setup, it
makes the comparative kinetics measurements described in Chapter 6 possible. The two
sizing procedures that are used to keep track of the radius variation of a trapped droplet
were described. The simplified geometrical optics approach was routinely used for the
real-time sizing of trapped droplets, whereas the fitting of full phase functions was used
just for the long trapping measurements presented in Section 7.1.6. The post-acquisition
procedure used to take into in account the variation of the refractive index of
evaporating droplets for an accurate determination of their radius with the geometric
optics approximation was described.

In Chapter 6, the comparative evaporation kinetics technique for the quantification of
the equilibrium hygroscopic properties of aerosol droplets using the C-EDB setup
described here is presented. The comparative kinetics approach will also be validated
with measurements on well-characterised binary and ternary mixtures of atmospherically
—relevant inorganic compounds.
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Chapter 6 Measuring Aerosol Hygroscopic
Properties over a Wide Range of
RH with Comparative Kinetics
Experiments

In Section 2.2, it was discussed how current aerosol thermodynamic models could benefit
from improved representations of the hygroscopic properties of aerosol systems
containing organic components and their mixtures with inorganic electrolytes, in order to
better simulate the water uptake by atmospheric aerosol particles. Single particle
techniques are a powerful tool for the investigation of fundamental chemico-physical
properties of aerosols (such as vapour pressures, hygroscopic growth, phase transitions
and phase separations, etc.?') and can provide laboratory data for the parameterisation of
these properties in aerosol thermosynamics models.

In this Chapter, the determination of equilibrium hygroscopic properties of aerosols,
collected from comparative evaporation kinetics experiments in a Cylindrical
Electrodynamic Balance, is fully described. This approach is defined ‘comparative’ since
the evaporation rates of probe aerosol droplets containing reference compounds are
compared to those measured for sample aerosol systems of which the hygroscopic
properties need to be determined.

The proposed experimental technique employs the literature kinetic model by Kulmala et
al. (1993)'% (Section 2.3) and it lays its foundations in the work of Davies et al.?*. A
previously developed method was expanded in order to cover a wider water activity (ay)
range, from 0.5 to >0.99%. The proposed approach is discussed with respect to the
limitations of the applied kinetics model in the representation of the vapour pressure of
water as a function of the evaporating droplet temperature and their implications on the
determination of the hygroscopicity of aerosol systems are shown. This experimental
technique involves the combination of multiple datasets from different comparative
kinetics experiments performed at different RHs for the determination of hygroscopic
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properties over the investigated water activity range. The calculations needed for the
retrieval of hygroscopic growth curves from the radial evaporation profiles of single
droplets are described in detail, as well. Finally, the proposed methodology is validated
by the comparison of the experimentally determined hygroscopic properties of binary and
ternary mixtures of well characterised inorganic compounds and simulations from the
Extended Aerosol Inorganics thermodynamic model(E-ATM)!%0:194,

6.1 Comparative Kinetics Measurements

The mass and heat transport model presented in Section 2.3 is used to compare the
evaporation kinetics of probe and sample droplets and estimate aerosol hygroscopic
growth curves as follows.

The raw output of a typical comparative kinetics experiment is shown in Figure 6.1. It
consists of a sequence of the alternating evaporation profiles (radius vs. time plots) of
probe (black) and sample (red) droplets. As mentioned in the previous Chapter, probe
droplets are well-characterised aerosol systems that can be used as a reference for the
determination of the relative humidity of the gas phase within the EDB trapping
chamber. The probe droplet can be either pure water or a NaCl solution with known
concentration (in Figure 6.1, pure water is used as a probe). Davies et al.” demonstrated
the validity of both methods for the determination of the RH in this kind of comparative
kinetics measurements and also estimated the errors on the RH retrieved in both cases
(Section 6.1.1).
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Figure 6.1: Example of a sequence of probe (black, water) and sample (red)
droplets in a comparative kinetics experiment.
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In a first post-acquisition step, the measured radii data need to be corrected in order to
account for the varying refractive index of the evaporating droplets, as described in
Section 5.2.3. Subsequently, for each pair of probe and sample droplets, the probe droplet
evaporation profile is analysed using the kinetics model by Kulmala et al. (1993)'* to
determine the gas phase RH.

In order to do this, the kinetics model by Kulmala et al. (1993)' needs to be modified to
account for the experimental conditions that characterise the evaporation experiments in
the C-EDB, according to Davies (2014)'*!. The applied corrections take into account the
presence of charges on the evaporating droplet*'” and the Kelvin effect (Section 2.1.3).
The latter correction is applied even though the Kelvin effect for the droplets considered
in this work (a>5 pm) is negligible, as discussed in Section 2.1.3. Both the Kelvin effect
and the charge on the droplet modify the effective vapour pressure at the surface of the
droplet and to take this effect into account, the expression in Eq. 6.1 for the effective
vapour pressure of water (S,.’) is introduced in the model by Kulmala et al. (1993)'*.

20V _ qlpl ) 6.1

Swda = Swa€X
s Twa p( RTa  4ma?egkgT

In Eq. 6.1, the first term is essentially the Kelvin equation (Eq. 2.10) and the second
term?¥” takes into account the reduction of the effective vapour pressure caused by the
presence of charge (g) on the droplet. |p| is the dipole moment of the evaporating
molecule, € is the vacuum permittivity and k; is the Boltzmann constant.

A further correction is necessary because the single levitated droplets in the C-EDB sit in
a nitrogen gas flow. The mass transfer enhancement resulting from the flowing gas
surrounding the droplet is accounted for by the inclusion of a Sherwood number (Sh)
scaling of the mass flux'2** The resulting expression for Kulmala et al. (1993)' kinetics
model modified as just described is shown in Eq. 6.2.

, -1
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Eq. 6.2 can be rearranged and solved for S,,” in order to calculate the water activity in
the droplet at each point in time during evaporation, remembering that the saturation
vapour pressure of water is equal to the water activity in the droplet solution (Section
2.1.2):
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The solution of this equation is possible because the particle radius is measured, S, is
determined from the probe droplet and the mass flux I can be calculated from the
collected radius versus time plot (as described in the following paragraph), while all the
other quantities are known.

In Section 6.1.1 and 6.1.2 the application of the modified evaporation kinetics model (Eq.
6.2 and 6.3) for the calculation of the gas phase RH from probe droplets and for the
retrieval of the equilibrium hygroscopic properties from samples droplets are described.

6.1.1 Retrieving the RH from Probe Droplets

Figure 6.2, presents simulated evaporation profiles for pure water (Panel A, both in
terms of a” vs. time and a vs. time in the inset) and NaCl solution droplets (Panel B)
corresponding to variable relative humidity in the gas phase and calculated by means of
Eq. 6.2. With respect to pure water (Panel A), the radius-squared profiles are linear plots
with a decreasing slope as the gas phase RH decreases; if the NaCl curves (Panel B) are
considered, the evaporation of water is faster the lower the surrounding RH, as in the
case of pure water droplets, and the equilibrated droplet radius depends on the RH, as
well.
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Figure 6.2: Modelled evaporation profiles for pure water and for NaCl solution
droplets at variable surrounding RH.

When a pure water droplet is used as a probe, its experimental radius-squared versus
time evaporation profile is compared to simulated evaporation curves at different RH,
calculated using Eq. 6.2. The mean squared difference (MSD) between the experimental
profile and each calculated curve is estimated and the RH corresponding to the curve
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with the lowest MSD is selected. In this case, the lower and upper values of the RH come
from uncertainties in the thermophysical parameters D (+6%) and K (+2%)'* in Eq. 6.2
and are given by:

+(0 169RHy,%~0.364RHy,+0.194)
RH = RH,, (—0.020RHy,+0.021) 6.4

When a NaCl solution with known initial concentration is used as a probe, the
equilibrated size of the droplet after water evaporation may be used to determine the
water activity in the solution, and therefore the RH in the gas phase (according to
Section 2.1.2). In order to do this, the thermodynamic Extended Aerosol Inorganics
Model (E-AIM, Section 2.2)"%19" is used to calculate how water activity and density
change with the solution composition during evaporation and to predict the equilibrated
radius of the droplet after water evaporation has ended at a given RH. The lowest RH
value that can be determined with this method is limited by the crystallisation RH of
NaCl, which is reported in the RH range 43-50%%". In theory, if a different reference
compound that crystallises at a lower RH and for which a, and density variations as a
function of solute concentrations are well characterised was used as a probe, this
comparative technique could be potentially pushed to the measurement of hygrocopity in
the lower water activity region.

If this equilibrated size method is used, the uncertainties in RH arise from the accuracy
with which the equilibrated radius is known (4100 nm) and the uncertainty in the
determination of the initial droplet size at =0 s (*135 nm), which corresponds to an
uncertainty of less than 0.8% on the dry radius for the droplet sizes considered in this
work. In this case, the lower and upper values of the RH are expressed as:
+(=0.0175RHq?~0.0005RHq+0.017)

RH = RH

€4 —(~0.0266RHq?+0.0086RHeq+0.017)

Figure 6.3 shows the absolute uncertainties on the solution a, deriving from using both
pure water (blue) and an NaCl solution droplet as a probe (orange) calculated from Eq.
6.4 and 6.5 as a function of the gas phase RH. Using a pure water droplet as a probe of
RH is preferable as the equilibrated size method includes a further uncertainty from the
initial NaCl solution concentration. Nevertheless, NaCl was used as a probe for
measurements at RH<80% since the associated uncertainties on the RH determined with
water in this range as a probe droplet would be too significant, as shown in Figure 6.3.
In fact, uncertainties on the simulation of pure water evaporation become increasingly
large below this RH value due to uncertainties in the thermophysical parameters D and
K" and because of the approximation in the expression of the vapour pressure of water
at the droplet surface (discussed further in Section 6.2).
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According to Eq. 6.4, the RH can be determined with an uncertainty smaller than
+033% for RH values above 90% when pure water is used as a probe. At 50% RH, the
error associated with the determination of RH with the equilibrated size method is
f}jégﬁj, according to Eq. 6.5. Knowing the RH with such a high accuracy is crucial for an
accurate application of the kinetics model presented in Section 2.3. The uncertainty of
commercial RH probes is typically between +1% and +5% in the RH range 10-90% and
it usually dramatically increases for RH values above 90%. Both the methods used in this
work to retrieve the gas phase RH are associated with smaller uncertainties in the RH
determination, especially for measurements at high RH. The RH of the gas phase in the
EDB trapping chamber is kept constant during the evaporation measurements, but slight
fluctuations in RH can sometimes be observed. However, the RH is monitored with probe
droplets during the entire duration of the experiments (5-15 minutes for ten pairs of
sample and probe droplets, depending on the RH at which the measurements are taken)
as shown in Figure 6.1 and the magnitude of these fluctuations is typically smaller or
comparable to the uncertainty associated with the RH determination (<0.2-0.3% above

80% RH with water as a probe, <0.5-0.6% below 80% RH with NaCl as a probe).
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Figure 6.3: Absolute error on RH calculated from Eq. 6.4 and 6.5 for water
(blue) and an NaCl solution (orange) used as a probe.

6.1.2 Calculating Hygroscopic Growth Curves for
Sample Aerosol Droplets
Once the gas phase RH is known, the evaporation kinetics model by Kulmala and co-

workers (1993)'% (Eq. 6.3) can be applied for the interpretation of the evaporation
profiles of sample droplets and used to calculate the variation of water activity within
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the droplets solution, as follows. All the operations needed for the retrieval of
hygroscopic growth curves from evaporation profiles collected in comparative kinetics
experiments are summarized in Figure 6.4 and described below.

For the calculation of mass flux (I), the radii data need to be converted to particle mass
values and the density of the droplet is thus needed. In order to perform this conversion,
a polynomial parameterization of density as a function of square-rooted mass fraction of
solute is used, as discussed in Section 5.2.3. The initial solute mfs at t = 0 s is known
from the prepared solution and the initial droplet density can be determined. Therefore,
considering the measured variation in volume due to the evaporation of water, the mfs
and density for every measured point during evaporation can be calculated. Knowing
how the mass of the droplet varies in time, the mass flux (/=dm/dt) can be calculated as
the slope of the mass versus time calculated curve and Eq. 6.3 can be used to determine
how the a, varies in the droplet with time. Over each time-step, the droplet is considered
homogeneous in composition with the diffusional mixing time estimated to be 0.01 s for a
droplet with a radius of 15 pm, assuming a water diffusion coefficient of 2 - 10 m? s..
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Figure 6.4: Retrieval of hygroscopic growth curves from evaporation profiles.
The radius vs. time curve (A), corrected for the variable solution m, is
converted to mass (B), thanks to a parameterisation of density. The mass flux
can be calculated as dm/dt and it is used with Eq. 6.3 to calculate the variation
of the aw in the evaporating droplet (C). From the radii data, GF, vs. time can
also be calculated (D) and coupled with plot (C) to calculate the final growth

In addition, from the measured radii data and knowing the density of the droplet at each
instant, radial growth factors (GF,) can be calculated; the radius of the reference dry

state is estimated from the initial solution concentration, the initial radius of the droplet
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(as) and considering the dry density of the solute. In addition, the moles and mass of
water and solute can be calculated for each measured radii during the evaporation of the
sample droplet. Coupling these quantities with the information about the solution water
activity, hygroscopicity curves for the sample compounds can be plotted as GF, vs. ay,
Tater/Nisotute VS. Gy, MfS VS. ay and osmotic coefficients (Section 2.1.5).

6.1.3 Experimental Uncertainties, Reproducibility and
Averaging Data from Multiple Droplets

For a rigorous determination of hygroscopic properties from comparative kinetics
experiments in a C-EDB, all the experimental uncertainties associated to each of the
computed quantities need to be taken into account. These arise mainly from the
uncertainty in the determination of ay and of the droplets radius during the evaporation
(Section 5.2.2), of the RH determined from the probe droplets (Section 6.1.1) and in the
concentration of the initial solution. They are all summarised in Table 6.1 and, whenever
one of these quantities is plotted in the following Sections in this work, the error bars
were calculated by propagating all these experimental uncertainties.

Note that no uncertainties on the density and refractive index parameterisations (Section
5.2.3) used for the data treatment are taken into account in the routine calculation of the
experimental uncertainties of the measured hygroscopic properties. They are assumed to
be reliable for the common inorganic compounds used for the determination of the
method accuracy in this Chapter and in Section 7.1.5 they are discussed separately for
the class of aminium sulphates.

The reproducibility of comparative kinetics experiments is very good. Figure 6.5 shows
the reproducibility of the hygroscopic growth curves expressed in terms of nuyaser/Msomie VS.
a, obtained from the evaporation of ten different NaCl droplets belonging to a single
dataset like the one in Figure 6.1 (initial solute mass fraction of 0.005, RH=88.7%),
compared to calculations from E-AIM Model (grey line). Pure water droplets were used
as a probe for the retrieval of NaCl hygroscopic properties in Figure 6.5. The
reproducibility of the obtained growth curves is very good and the agreement of the
results with the model prediction is extremely satisfactory, as well. If the inset in Figure
6.5 is observed, the maximum discrepancy between growth curves resulting from
different droplets is smaller than 0.002 in water activity at a,~0.993, which is smaller
than the uncertainties resulting from the calculation of the uncertainty on RH from Eq.
6.4 (88.7154%).
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Because of this, the averaging of data obtained from multiple droplets is legit in order to

obtain more robust hygroscopicity data from these comparative kinetics measurements.

To average the growth curves calculated from the evaporation of multiple droplets, all

the obtained GF,, Nuater/Nsorte and mfs values from at least 10 sample droplets within a

dataset are separated into a, bins (0.03-0.005 a, intervals, depending on the RH at which

the measurements are taken) and the data points attributed to each bin are then

averaged. The final averaged curves for each compound will be presented in the following

Sections, unless otherwise specified.

Quantity Formula Uncertainties
- a: 100 nm', <1% for droplets bigger than 10
pm (with Geometrical Optics Approximation,
a Section 5.2.2.1).
Radial GF GF. = ) ) o . .
Aary - asry: uncertainty on the initial radius extrapolation
+150 nmy. S 7 r initi
at to (adry_loo nm). uncertainty on the initial
solution concentration.
- Msolute (dry mass from the concentration at to):
e +150 nm. vartal , CC . :
Mass mfs = Mgolute ary_ o0 mm: U0 ertainty on the initial solution
fraction Mtot concentration.
- mer: uncertainty from radius determination.
Nwater - Nuwater, calculated from Muater = Mot — Misolute (Se€
Mole curves S — e
Nsolute uncertainties indicated for mfs).
- aw: uncertainty from RH determination in the
EDB measurements”
) ) - RH>80% (water used as a probe): Eq. 6.4
Osmotic —hn (@) RH<80% (NaCl used be): Bq. 6.5
. = - RH< aCl used as a probe): Eq. 6.
coefficient St (mge - M,,/1000) 0 ( I ): Eq

- ms (stoichiometric molality): uncertainties on
Nsotute aNd Muaier (s€€ uncertainties indicated for mfs

and for nuater/Msotute)

Table 6.1: List of all the uncertainties taken into account for the calculation of the most relevant

quantities retrieved from comparative kinetics measurements.
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Figure 6.5: Reproducibility of nuwater/Nsotuie growth curves obtained for NaCl from
the evaporation of 10 different droplets (initial mfs of 0.005, RH=88.7%), each
represented with a different colour.

In order to take into account the uncertainty (o;) of each experimental data point (),
calculated as described in Section 6.1.3, the average value (k), the internal and external
standard deviations (o, and o) for each of the quantity of interest were calculated as

follows?*:
_ (k: /o2
k = 2‘(17/12) 6.6
2i(1/0:%)
6.7
_ Yi(0ine/01)? * (ki — k)? ;
Oext = 2 6.8
(n — 1) Xi(0ine/01)
The final average data are then reported according to Eq. 6.9:
k=k+tyg-o 6.9

where o is the highest value between oy and o and g4 is the t-student test value at
99% probability.
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6.2 Effect of the Temperature Depression of

Droplets during Evaporation

A series of seven (NH4):SO; solution droplets evaporating into different RHs at 20°C are
shown in Figure 6.6-A over the range from 50% to 85% RH. The initial mass fraction of
the starting solution was 0.05 and the initial radii of the seven different droplets varied
from 23.0 pm to 23.3 pm. The total amount of water that evaporates from each droplet
depends on the gas phase RH and the final equilibrated radius is such that the a, in the
droplet matches the RH in the surrounding gas phase. The evaporation rate increases
with decreasing RH since the mass flux is proportional to the difference between the
solution water activity and the RH (Eq. 6.2). As shown in Figure 6.6-B, the mass flux is
at its highest value for every droplet at the beginning of the evaporation, because Sy, — ay
is at its maximum. Over time, the evaporation slows down and the mass flux decreases
until the droplet is in equilibrium with the gas phase and [ is zero. The evaporation time
to reach equilibrium extends from 5 s at 50% RH to about 25 s at 85% RH.

The mass transport of water from the droplet to the gas phase during evaporation is
coupled to heat transfer, with the latent heat of vaporisation associated with this phase
change removed from the droplet. The heat flux from the droplet is greatest when the
evaporation rate of water is fastest and, when it is not balanced by the heat flux from
the surrounding environment to the droplet, the condensed phase cools down. This
temperature depression of the droplet has to be taken into account because the vapour
pressure of water at the surface of the droplet is temperature dependent and directly
influences the evaporation rate. In the derivation of the kinetics model of Kulmala and
co-workers'® (Eq. 6.3), the dependence of the vapour pressure of the evaporating species
at the droplet surface (p,) on temperature is calculated from the Clausius-Clapeyron
equation. The exponential term in this expression is approximated with the first order

term in a Taylor series expansion:

LM(Tdroplet - Tgas))
RTdropletTgas

LM(Tdro tet — T, )
0 ple gas
= a,,p°(T, <1 +

v ( gas) RTdropletTgas

Pa = awpo(Tgas)eXp <
6.10

where p’(Ty.;) is the saturation vapour pressure at the temperature of the gas phase
(Tys) and Tyoper is the temperature at the droplet surface.

This approximated expression for the temperature dependence of the vapour pressure of
water is only accurate when the difference between the droplet and gas phase
temperatures is less than ~3°C; beyond this threshold value the approximation with the
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Taylor series expansion results in an underestimation of the value of the exponential
bigger than 1% at 25°C'", with a subsequent underestimation of p,. Consequently, when
the droplet temperature depression is large the vapour pressure of water at the surface of
the droplet is increasingly underestimated. Therefore, the only measured points that can
be used to reliably calculate the water activity in the evaporating sample droplet are
those that satisfy this condition. Tupet — Tyas can be estimated according to Eq. 6.11'%:

Radius / um

-
o
|

Figure 6.6: (A) Measured radii (um) of seven (NH4)2SO4 solution droplets
(initial mfs of 0.05) evaporating into different RHs (increasing from 50% to
85%, from red to blue) at 20°C. (B) Calculated mass flux (ng s) vs. time, for
the same droplets. (C) Variation in time of Taropter— Tyas, calculated according to
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Figure 6.6-C shows the time dependence of the calculated Typer — Tys for the same seven
(NH,)2SOy droplets as in the two previous panels. The initial temperature depression can
reach -7 K in correspondence to the fastest evaporation rates (at 50% RH), while for the
three droplets evaporating into a higher RH (about 78%, 81% and 85%, respectively) the
calculated temperature depression is always less than 3 K. The measured and modelled
evaporation profiles and mass flux variation in time are compared in Figure 6.7 for two
of the droplets analysed in Figure 6.6. For the droplet evaporating into RH=85%, Eq. 6.3
is able to accurately model the evaporation kinetics of water from the ammonium
sulphate solution because the 3 K threshold is not exceeded, and the agreement between
the modelled and measured curves is excellent (Panels A-B). In the case of the second
considered droplet, which is evaporating at RH=55%, the modelled mass flux is highly
overestimated by the kinetics model at the beginning of the evaporation (Figure 6.7-D),
because the estimated p, is underestimated because of the approximation introduced in
Eq. 6.10. Consequently, also the modelled evaporation profile in Figure 6.7-C does not
match the measured curve.
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Figure 6.7: Comparison of the experimental (solid lines) and modelled (dashed
lines) of the radius vs. time evaporation profiles and of the mass flux time-
dependency for two of the (NH4)2SOu droplets in Figure 6.6, at RH=85%
(Panels A-B) and RH=55% (Panels C-D).

The effect of the droplet temperature depression on the estimated hygroscopic
behaviour of a sample compound retrieved from the measurements is shown in
Figure 6.8. Panel A presents the mfs versus a, relation obtained from a dataset of
ten (NH,).SO, droplets evaporating at 58% RH. A very good agreement with the E-
AIM Model prediction can be observed for low a, values, both for the averaged curve
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and for all the ten single droplets. For higher a, values, which are derived from the

measurements of fluxes at early evaporation times, the water activity calculated with

Eq. 6.3 is overestimated and even leads to unrealistic values beyond 1. This issue

arises because the corresponding droplet temperature depression (Figure 6.8-B) is

larger in magnitude than the -3 K threshold, which is satisfied only below a

calculated a, of 0.73. The absolute error on the calculation of a, is shown in Figure

6.8-C. This a, error was calculated as the difference between the experimental a,
calculated with Eq. 6.3 and the water activity calculated with the E-AIM Model at a
certain mfs value. For the averaged data, the absolute errors on the calculated a, are

very close to 0 at a, values below 0.73, while they reach values up to about 0.06

when Tgropier — Tyus is of the order of -5 to -6 K.

a_error

o. o0 ‘pypioxb

Figure 6.8: (A) mfs vs. a» from the evaporation kinetics of 10 (NH4)2SO4
droplets (RH=58%). Symbols: grey dots —data from individual droplets; black
dots — averaged curve; solid black line — calculation from E-AIM Model. (B)
Variation of Taroptet— Tyas, calculated according to Eq. 6.11, as a function of a..
(C) Absolute error between the experimental and modelled a.. Symbols: grey

——
0.6 0.7 0.8 0.9 1.0
a

w

squares — single droplets; open squares —averaged curve.
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6.3 Full Hygroscopicity Curves from Droplets
Evaporating into Different RHs

As a consequence of the limitation of the kinetics model when used to interpret the
evaporation of sample droplets in the EDB discussed in Section 6.2, only a portion of
about 20% RH of the mfs curve of a sample compound can be retrieved when
measurements are taken into an RH at 50%. As a consequence, evaporation
measurements into at least three different RHs need to be performed in order to measure
a full curve from 0.5 to >0.99 a,. An example of this procedure is shown in Figure 6.9 for
the determination of the relation between a, and mfs for (NH;)2SOy4, in which C-EDB
results are compared to the E-AIM Model prediction (solid black line).
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Figure 6.9: full mfs vs. aw curve of ammonium sulphate from measurements into

different R’Hs. Symbols: black line — calculation from E-AIM Model; solid circles
— individual data from all 10 droplets in each data set; open circles — averaged
data for which the maximum 3 K droplet temperature depression condition is
satisfied. Colours: red, purple and light blue — 0.05 mfs starting solution, gas
phase 54%, 74% and 87.3% RH, respectively; dark blue — 0.005 mfs starting
solution, gas phase 90% RH. Note: error bars are smaller than the data point

when not shown.

Evaporation measurements with a starting solution of ~0.05 mfs were made into three
different RHs (54%, 74% and 87.3%). A fourth dataset was collected at high RH (90%,
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more clearly visible in the inset in Figure 6.9) using a solution with lower starting
concentration (mfs of 0.005) and therefore with a higher starting a. (0.997). In this latter
case, just a very small section of the mfs curve can be calculated: since the droplet had a
very low initial concentration, it was not possible to keep it trapped until its ay
equilibrated with the surrounding RH, as it undergoes an exceptionally large size change.
The open circles represent data points averaged over ten droplets and have been
considered acceptable only if the difference in temperature between the droplet and the
gas phase is estimated to be smaller than the 3 K limit. In the background, data for all
the ten droplets in the same four datasets are shown. All the data points can be accepted
for the two datasets measured at high RH, with the evaporation sufficiently slow to
maintain a low droplet temperature depression, while just small portions of the data
measured at 54% and 74% RH can be accepted. The agreement with the a, vs mfs curve
calculated with the E-AIM Model is very good for the points that lie within the 3 K
threshold for the droplet temperature depression.

One of the interesting features of the comparative kinetics measurements in the C-EDB
is that hygroscopic growth curves can be measured up to very high a, values (>0.99). In
Figure 6.10, the very high end for the measured GF;, Nuater/Nsowre and mfs versus water
activity plots are shown for (NH4)2SO,, and are compared with simulations from the E-
AIM Model (grey solid lines). In this case, the highest a, reached with this averaged
dataset is 0.997, corresponding to a GF, value of 6.22 (Figure 6.10-A). For the
calculation of the radial growth curve, the dry radius of the droplets is calculated from
the wet size at t = 0, the concentration of the starting solution and the density of
crystalline ammonium sulphate (1.77 g ¢cm™®)**. In Figure 6.10-B, at a, = 0.997 the
number of absorbed moles of water per moles of (NH4),SOs inferred from the
measurements is close to 1000 and the agreement between the measured value and the E-
AIM Model prediction is quantitative. If the mfs vs. a, plot is considered (Figure 6.10-
C), the lowest measured ammonium sulphate mass fraction is 0.005 at a, = 0.997. It is
also worth noting that with this technique not only is it possible to measure growth
curves up to very high water activity values, but also that the accuracy on the calculated
ay is highest when the RH at which measurements are taken is high (>90%), according
to Eq. 6.4 and 6.5 and as shown in Figure 6.3. It should also be stressed that the growth
curve is retrieved in a matter of seconds, potentially allowing accurate hygroscopic
growth measurements for droplets containing semi-volatile components, provided their
vapour pressure is less than that of water.
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Figure 6.10: GF,, Nuater/ Nsotre and myfs for aw values between 0.88 and 1 are
shown for (NH1)2SO4. Symbols: black circles — experimental data points
averaged over a minimum of 10 droplets; solid grey lines — calculated curves
from the E-AIM Model. Note: error bars are smaller than the data point when

not shown

6.4 Testing the Experimental Method with Well

Characterised Aerosol Systems

The experimental technique proposed in Sections 6.1 and 6.3 is tested with binary
mixtures of four well-characterised inorganic compounds (NaCl, Na,SO,;, NaNO; and
(NH4)>SO4, Section 6.4.1) and water. The hygroscopic properties obtained for these
compounds over the 0.5 to 0.99 a, range have been compared to predictions from E-AIM
Model, in order to demonstrate the effectiveness of the C-EDB comparative kinetics
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method in accurately representing the hygroscopicity of well-known inorganic aerosol
systems. In addition, the same comparison was performed for ternary mixtures of sodium
chloride and ammonium sulphate with different mass ratio between the two salts
(Section 6.4.2). This also allowed the determination of the sensitivity of the proposed
technique to small changes in the chemical composition of the analysed NaCl-(NH;).SO-
H,O systems. This represents an interesting test because it gives an indication of what
kind of mixtures could be characterised in the future with comparative kinetics
experiments in a C-EDB.

6.4.1 Binary Mixtures of Inorganics

Sodium chloride, ammonium sulphate (both 299.5%, Sigma-Aldrich) sodium nitrate and
sodium sulphate (299.5% and 299% respectively, Fisher Scientific) solutions were
prepared with an initial known mass fraction of solute of ~0.05 for all compounds. In
order to reach higher initial a, values, solutions with an initial known mfs of ~0.005 was
also prepared. Multiple datasets of at least 10 droplets evaporating into different RHs
were collected and combined according to the procedure at the beginning of Section 6.3.
The dependence of mfs on a, for each solute is shown in Figure 6.11, compared with the
corresponding prediction from the E-AIM Model. The agreement obtained for the
measured mass fractions with the E-AIM Model is good for all the systems studied.
Na.SO, was observed to crystallize during measurements at a, = 0.57 and therefore it
was not possible to reach lower water activity values during the experiments on this

compound.

The same datasets are also plotted in Figure 6.12 in terms of molar osmotic coefficients
(¢ s, Eq. 2.16) as a function of the square-rooted molality of solute. This quantity is the
most sensitive expression of the a, and solute concentration relation and for this reason
some more scatter in the data can be observed in the plots in Figure 6.12, especially in
the low molality range (high water activity). In addition, the data points in that region
are characterized by higher error bars on the y axis, because in the osmotic coefficient
expression the molality appears in the denominator and therefore even very slight
uncertainties on its value can produce important uncertainties on the calculated osmotic
coefficient. Anyway, the agreement with the E-AIM Model simulations (grey lines) is in
general very good. Some minor discrepancies can be observed for Na,SO,, which could be
attributed to the uncertain parameterisation included in the model for this compound
(Figure 3 in the work of Clegg et al. (1997)™), and for NaNOj; in the high concentration

region.

132



Chapter 6. Measuring Aerosol Hygroscopic Properties over a Wide Range of RH with Comparative Kinetics
Experiments

0.7] (A) (NH,),80, 0.7 (B) NaNO,
0.6 0.6
0.5 0.5
0.44 0.4
wn
“
£ 03 0.3+
0.2 0.2]
0.1 0.14
0.0 0.0 T T T T
0.5 0.6 0.7 0.8 0.9 1.0 05 08 07 08 09 10
07] (C)Na,s0,]0.7] (D) NaCl
0.6+ 0.6
0.5 0.5
0.4 0.44
(2}
B4
£ 0.3 0.3
0.2 0.2
0.1 0.1
0.0 T T T T 0.0 T T T T
0.5 0.6 0.7 0.8 0.9 1.0 0.5 06 07 08 0.9 1.0
a a
w w

Figure 6.11: Measured mfs vs. aw plots for (NHi)2S04, NaNQOs, NaxSOs and NaCl
(panels A-D). Symboals: circles — experimental data; solid grey lines — calculation
from the E-AIM Model. Note: error bars are smaller than the data point when
not shown.
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Figure 6.12: Measured molar osmotic coefficients ( ¢ «) vs. square-rooted solute
molality plots for (NH4)2SO4, NaNQOs, Na2SO4 and NaCl (panels A-D). Symbols:
circles — experimental data; solid grey lines — calculation from the E-AIM
Model. Note: error bars are smaller than the data point when not shown.
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Figure 6.13: Correlation of the experimentally measured and E-AIM predicted
values for nuwater /Mo (logarithmic scale in the main graph, linear scale in the
inset). Symbols: green - (NH4)2SOu; red — NaNQOs; blue — Na2SOu; purple — NaCl;
black solid line — 1:1 line; grey envelopes: uncertainty on fuwater /Nsotuze for
(NH1)2S04 corresponding to an error in aw of £0.001 (dark grey) and 0.002
(light grey).

In addition, to better show the agreement between the experimental results and
simulations from the E-AIM Model a correlation plot for the nuater/Nsomte curves of NaCl,
Na,SO4, NaNO; and (NH4)»SO4 is shown in Figure 6.13 spanning the range from just 3
water molecules per ion pair (or per each three ions in the case of sulphate salts) up to
1000. For each point in the plot, Ny /Nsome was calculated with the E-AIM Model at the
a, value of the experimental data point. For nuee/Nsome values up to about 100
(corresponding to a, of about 0.98, depending on the salt), all the points lie close to the
1:1 line, thus revealing a very good agreement of the experimental results with the E-
AIM Model calculations. For nuate/Nsomee > 100, the points appear a little more scattered.
This is due to the fact that at very high a, values, just a slight variation in water
activity results in a significant variation in the calculated water moles values, with the
hygroscopic growth curve extremely steep in this region. As an example, the highest
measured data point for (NH;)2SO4 can be considered: the measured a, is 0.997 and it
corresponds to 799 Nuter/Nsotute calculated with the E-AIM Model; if an uncertainty of

+0.001 in ay is considered, the calculated 7uater/Nsonee values are 585 and 1236 for water
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activity values of 0.996 and 0.998, respectively. In order to show the effect of such a
small uncertainty on water activity, in Figure 6.13 the uncertainty on the calculated
Nuater/Nsote fOr ammonium sulphate is represented with dark and light grey envelopes if
an error of +£0.001 and +0.002 in a, is supposed, respectively. These envelopes become
increasingly large when the amount of absorbed water increases because of the steepness
of the hygroscopic growth curve in that region.

6.4.2 Ternary Inorganic Mixtures

Hygroscopic growth measurements on mixtures of NaCl and (NH;).SO; were also taken
in order to further evaluate the performance of the technique with well-characterised
aerosol systems and to evaluate the sensitivity of the experimental method to small
changes in the chemical composition of the aerosol droplets. Three different
(NH4)2S04/NaCl mass ratios were considered (50/50, 90/10 and 95/5) and the mfs and
GF, vs. a, experimental curves (circles) are compared with simulations from the E-AIM
Model (dashed lines) in Figure 6.14. For the calculation of growth factors of these
mixtures, the reference dry state is considered to be a solid particle made of non-mixed
crystalline ammonium sulphate and sodium chloride. The dry density is calculated
estimating the dry volumes separately for NaCl and (NH4).SO4 and calculating the ratio
between the total mass and the total volume of the two dry salts.

The experimental results show an overall good agreement with the curves predicted by
the E-AIM Model for all three mixtures considered, both for the mfs and for the GF,
curves. The obtained mfs vs. a. plot (Figure 6.14-A) shows that it is possible to
successfully characterise the different hygroscopic behaviours of the 90/10 and 95/5
mixtures up to about a, = 0.93. Above this value, the trends for the 90/10 and 95/5
mixtures become very similar: the difference between the two curves is less than 0.01 mfs
and discriminating between them is not possible. When the experimental results are
plotted as GF,vs. a, (Figure 6.14-B), the predicted curves for the same two mass ratios
differ by 0.021 in GF, at a, = 0.65 and by 0.058 in GF, at a, = 0.95 and in this range it
was possible to discriminate between their GF, trends with the EDB measurements.
Again, for higher water activity values, the hygroscopic growth curve becomes steep and
the two trends are not discernible.
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Figure 6.14: mfs vs. aw (Panel A), GF, vs. av (Panel B) and nuater /Nsotute VS. au
(Panel C) plots for mixtures with different (NHi)2SO4/NaCl mass ratios.
Colours: violet — pure NaCl; pink — 50/50 ratio; orange 90/10 ratio; light green
- 95/5 ratio; dark green — pure (NH4)2SO4. Symbols: circles — experimental
data; solid lines — calculations from the E-AIM Model for pure (NH4)2SO4 and
NaCl; dashed lines — calculations from the E-AIM Model for the mixtures.
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However, the same comparison cannot be carried out for the ratio nuater/Nsome (Figure
6.14-C), because the curves predicted by the E-AIM Model for the 90/10 and 95/5
mixtures are both essentially indistinguishable from that of ammonium sulphate. Some
differences are present below a,~0.8 with the 50/50 mass ratio mixture and it if possible
to discriminate different hygroscopic behaviours that correspond to a difference in
Nater /Nsomre Of at least of 0.5 at a,~0.8.

These results show that with this technique it is possible to detect variations in the
hygroscopicity of solutions with only slight differences in chemical compositions, down to
a 5% difference on a mass basis for mixtures of NaCl and (NH4)2SO,. In the case of
different mixtures, the minimum detectable variation would depend on the nature of
their components: it could potentially be lower than found for this particular ternary
system if the individual pure components have very dissimilar hygroscopic properties. On
the other hand, a larger difference in chemical composition would probably be needed to
detect similar variations in the case of mixture components exhibiting more similar
hygroscopic properties.

6.5 Sensitivity to the Value of the Mass
Accommodation Coefficient

The sensitivity of the hygroscopicity measurements presented in this Chapter to
variations in the mass accommodation coefficient (o, Section 2.3) was also investigated.
In the literature, measurements of the mass accommodation coefficient have been
performed with a number of different techniques and resulting in a considerable range of

13148250 Up to this point in this Chapter, it was assumed that it has a

different oy values
value equal to 1, in agreement with previous studies which have reported the value of au
for water accommodating/evaporation from a water surface'®'"*!"7. Note that, the
thermal accommodation coefficient (o) was maintained constant at 1, in agreement with

literature studies on aqueous solution droplets!*!1%

, and the possible effects of its
variation have not been investigated, both for all the results presented in the previous

Sections and for the analysis discussed below.

In previous work!”, the influence of the uncertainty in oy on the evaporation kinetics
profiles of aqueous solutions was examined. The evaporation kinetics measurements for
droplets with radii larger than 5 pym was shown to be insensitive to variations in au
when >0.05, when the uncertainties resulting from the remaining thermophysical
parameters and the experimental conditions are considered. Here the influence of o on
the obtained hygroscopic growth curve of NaCl expressed in terms of nuater /Nsowte for NaCl
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is shown over the entire range of RH investigated in this work (from 50% to above 99%
RH, Figure 6.15). The black circles represent the original growth curve calculated with
ay = 1, while the grey open circles represent the 7uaer/nsome for the same evaporating
droplets datasets but with the analysis performed assuming cy = 0.1. A slight shift in
the water activity calculated with Eq. 6.3 can be observed when varying the value of the
mass accommodation coefficient, especially for a, values above 0.95 where the growth
curve gets really steep. Nevertheless, the two curves can be considered to be very similar
within the experimental errors. However, the superior agreement of the curve calculated
with oy = 1 (black circles) and the prediction from the E-AIM Model (black solid line)
at very high a,, together with the very good results obtained for all the aerosol systems
presented in Sections 6.4.1 and 6.4.2, suggests that assuming a value of aw = 1 most
accurately characterises the mass transport behaviour observed in the evaporating
droplets.

1004

/nsolute

water

104

Figure 6.15: Nuater/Nsoture V8. aw growth curve on a logarithmic scale for NaCl
obtained when two different values for the mass accommodation coefficient were
used in data processing (Eq. 6.3). Symbols: black circles — experimental
obtained with oxr = 1; open grey circles — experimental obtained with aw = 0.1;
black solid line — prediction from the E-AIM Model.
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6.6 Summary and Conclusions

The experimental approach for the determination of hygroscopic properties of aerosols
with comparative kinetics measurements of probe and sample droplets individually
confined in a C-EDB has been described and validated. In order to apply an existing
technique down to RH=50%, the limitations of the used literature kinetics model had to
be investigated, with particular reference to the approximate representation of the
vapour pressure of water over a droplet surface. In order for the model to be applied, a 3
K threshold for the difference of the gas phase temperature and that of an evaporating
droplet needs to be respected, so that the vapour pressure of water on the droplet surface
is accurately modelled within the Kulmala at al. (1993)'*® model framework. It was
shown that for that portion of the evaporation profiles for which this threshold is not
exceeded, the retrieved hygroscopic properties are reliable and accurate. The proposed
technique was successfully validated by comparing the hygroscopic growth curves
measured for four well-characterised inorganic compounds with calculations from the E-
AIM Model. Ternary mixtures of water, sodium chloride and ammonium sulphate with
variable content of each salt were also considered; they provided a further confirmation
of the validity of the comparative kinetics approach and also provided some information
on the sensitivity of the method to small changes in chemical composition.

Data on the hygroscopicity of atmospherically-relevant compounds (organic compounds,
expecially SOA, and their mixtures with inorganics) are very important for the reduction
of the uncertainties relating to many effects of atmospheric aerosols, as discussed in
Section 2.2. Comparative kinetics measurements in a C-EDB represent a powerful tool
for the characterisation of the hygroscopic properties of aerosol systems with increasing
chemical complexity. With the experimental approach proposed in this Chapter, growth
curves can be determined rapidly and accurately, potentially opening up the possibility
of mapping hygroscopic response for a large number of organic components of SOA and,
indeed, complex mixtures and possibly SOA samples directly.
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Chapter 7 Hygroscopic Properties of
Aminium Sulphates

The comparative kinetics experimental technique in the C-EDB described and validated
in Chapters 5 and 6 is applied in this Chapter for the determination of the hygroscopic
properties of aminium sulphates. These compounds are organic salts formed from the
neutralisation reaction between short-chained amines and sulphuric acid; their
physicochemical behaviour is less well characterised than their inorganic equivalent,
ammonium sulphate, even though they can have a relevant role in atmospheric processes
such as the nucleation and growth of new particles and cloud droplet formation. In this
Chapter, the procedure for the preparation of the aminium sulphate solutions is
described and the measured densities, refractive indices and hygroscopic properties are
presented. They are also compared with some other literature works that applied
different experimental approaches. Reproducibility tests and effects of the density
parameterisation used for the C-EDB data treatment are shown, too. Finally, long
trapping measurements were performed for the determination of the vapour pressure of
amines over these solutions and they are discussed at the end of this Chapter.

7.1 Aminium Sulphates

Low molecular weight amines are mostly emitted in to the atmosphere as gaseous
compounds by a number of different sources, both anthropogenic (animal husbandry,
food processing and cooking, combustion, pesticides) and natural (oceans, biomass
burning, vegetation)®'. These chemical species are basic, highly water-soluble and have
high pure liquid vapour pressures (see physical properties of the six amines considered in
this work in Table 7.1). Their ambient concentrations in the gas phase can span over
wide ranges, depending on the sampling location (for example, up to 140 mg m™ close to
a city market®? 110-300 ng m™ in the exhaust gas of a waste disposal®®, in the order of

tens of pg m™ inside livestock buildings®®) and on the season®'*®. Contrasting data can
be found in literature about the gas/particle partitioning of amines in the atmosphere,
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e.g. Kallinger and Niessner?® found that a fraction of about 20% of the amines measured
in some livestock buildings partitioned to the condensed phase, while Akyuz** found a
higher relative content in PM,; and in PM,, if compared to amines in the gas phase
measured during both Summer and Winter sampling campaigns in Turkey (Zonguldak
province, high coal use for heating purposes, detected amines concentrations in the order
of ng m®). This kind of variability is likely due to variable primary emission sources in
different sampling locations and to a spatial dependence of the amines partitioning
depending on how far from emission source the sampling is performed (i.e. the closer to
the source the more these compounds are mostly present in their original gas phase). In
the condensed phase, amines can account for up to hundreds of pg m™ or a few ng m?
an extensive review of the measured concentrations of a large number of amines both in
the gas and in the condensed phases is given in the work of Ge et al. %%,

Solubility / mol kg

M, / g mol*! Vapour pressure / kPa  pK,

(T=298.15 K)

NH, 17.031 / 1956() 9.25(
MMA 31.06 17.9¢) 3360 10.66)
DMA 45.08 17.9¢) 193 10.73®
TMA 59.11 4.9@ 2310 9.801)
MEA 45.08 5.3@ 133@ 10.65®
DEA 73.14 2.0 31.50 10841
TEA 101.19 0.7@ 9.03@ 10.75®)

Table 7.1: Physical properties of ammonia, methylamine (MMA), dimethylamine (DMA),
trimethylamine (TMA}, monoethylamine (MEA), diethylamine (DEA) and triethylamine (TEA).
Data from Ge et al.**® (a) and from CRC Handbook®® (b).

As a matter of fact, despite the volatility of short-chained alkylamines, these compounds
can undergo gas-to-particle partitioning thanks to different chemical processes®!: direct
solubilisation, oxidation reactions that lead to the formation of SOA, acid-base reactions
similar to those of ammonia® with both inorganic (sulphuric, nitric and hydrochloric
acids) and organic acids®"** displacement reactions of ammonium cations with aminium

29200 With respect to these last two types of chemical reactions, aminium

cations
sulphates are the products of the neutralisation of sulphuric acid and short-chained

alkylamines:
H,50, + 2R3N 2 (R3NH),S0, 7.1

where R can be either —CHj;, -CH,CH; or —H. The formation of aminium sulphates and
other similar aminium salts is believed to be one of the main factors responsible for the

lowering of the vapour pressure of aliphatic amines, thus favouring their partitioning
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from the gas to the aerosol phase?*2 Because of this and because of their relative
abundance in the atmosphere, aminium sulphates can play a relevant role in the
nucleation and growth of new particles®® 2% and in cloud formation?®. However, their
physicochemical properties are less well characterised than their inorganic corresponding
compound, (NH4)2SO,. Some work has been recently done in order to fill this gap and the
densities® 19426 CCN activity and optical properties®®, hygroscopicity and phase
transitions of aminium sulphates™®:101228266  have been investigated with different
experimental approaches for the series of the six methyl and ethyl aminium sulphates (or
subsets of these six compounds). In this work, the hygroscopic behaviour of these six
aminium sulphates shown in Figure 7.1 was characterised by means of evaporation
kinetics experiments in a C-EDB (Section 6.1), together with the measurement of
densities and refractive indices of their solutions. The results of this study are reported in
the following Sections; some discrepancies with previous works were found and will also

be discussed, in the light of the different experimental procedures applied.

HaN H3N
( “CH; | 30 ¥ CH,CH; |50
Monomethylaminium sulphate (MMAS) Monoethylaminium sulphate (MEAS)
N |so % 0
HaC™ "CH; |, ! CH3CH; "CH2CHs [, !
Dimethylaminium sulphate (DMAS) Diethylaminium sulphate (DEAS)
CHs CHZCHy
N S0, N S0,
H3C”"H CHj; 2 CH3CH; H CH»CH3 2
Trimethylaminium sulphate (TMAS) Triethylaminium sulphate (TEAS)

Figure 7.1: Chemical formulas of the six studied aminium sulphates.

7.1.1 Preparation of the Solutions

Aminium sulphates stock solutions were prepared from the neutralization reaction of
sulphuric acid and each of the six considered amines. The commercial amines stock
solutions (Sigma Aldrich, MMA, ~ 40 wt%; DMA, ~ 40 wt%; TMA, ~ 45 wt%; MEA,
~ 66.0-72.0 wt%; DEA = 99.5 wt%; TEA = 99 wt%) were titrated with standardised
HCI (1 M, SLS). Three repetitions were performed for each titration and during their
whole duration the pH was measured by means of a pH-meter (HI 8314, Hanna
Instruments), which was calibrated with standard pH 7 and pH 4 solutions. Before the
titration, the amine stock solution was always diluted down to 1-5 wt% in order to
minimize the heat generated by the neutralisation reaction. In addition, both the H.SO,
and the HCI used for the standardisation of the amines commercial solutions were
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titrated with Na,CO; (= 99.5%, Alfa Aesar), which was dried at 225°C for 3 h before
weighing to make sure that no water was adsorbed on it. Three repetitions were
performed in these cases, too.

For the preparation of the aminium sulphates stock solutions, stoichiometric amounts of
the standardised HoSO, and of one of the standardised amines were mixed, with an initial
concentration of both solutions around 40 wt%. The pH of the solution was monitored
for the whole duration of the reaction as well, to make sure that all the amine in solution
reacted. The obtained concentrated stock solutions of the salts were subsequently diluted
down to a mass fraction of ~0.05, in order to obtain a suitable concentration for the C-
EDB comparative kinetics measurements.

During both the amines titration with HCI and the preparation of the aminium sulphates
solutions with HoSO4, the amine solution was always kept in an ice bath and the addition
of the acid was done slowly and dropwise, in order to disperse the heat generated by the
neutralisation reaction and to avoid any possible amine volatilization.

Phase separation was observed when titrating the triethylamine commercial solution and
its concentration was determined to be 81.6 wt% (0.52 wt% standard deviation over 3
repetitions), which is considerably lower than the > 99 wt% concentration value given by
the manufacturer. This is possibly due to the fact that TEA is the least soluble of the six
considered amines (Table 7.1), which results in an incomplete solvation of the amine in
water and in a consequently distorted measurement of pH during the titration. For this
reason, a 99 wt% concentration for the commercial TEA solution was assumed; this
probably represents a better estimate of the actual TEA concentration since the density
measurements obtained using this value for the concentration of the TEAS solutions are
more in line with literature data (Section 7.1.2).

This experimental procedure assured that the concentrations of the reagents were well
known and consequently that the concentrations of the stock solutions prepared for
aminium sulphates were well known, as well. The uncertainty on the commercial solution
concentrations of the reagents determined with the titrations was taken into account for
the calculation of the uncertainties of the quantities determined from C-EDB
experiments (GF,, mfs, Muater/Nsotte, 0sSmMotic coefficients) as discussed in Section 6.1.3.

In addition, in order to show the effectiveness of the proposed procedure, all the steps
discussed above were also carried out for the preparation of (NH4)»SO, from the reaction
of ammonia and sulphuric acid; the obtained solution was used in comparative kinetics
measurements and the hygroscopicity of the ammonium sulphate from reaction was
compared with calculations from the E-AIM Model, similar to what is shown in Section
6.4 (but in that case, the initial ammonium sulphate solutions were prepared from
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commercial crystalline solid). Figure 7.2 shows the hygroscopic properties of (NH,).SO,
obtained from direct reaction of ammonia and sulphuric acid, in terms of Twater/Tsotute, VS.
aw (Panel A) and osmotic coefficients vs. m(SO,*)"? (Panel B). The graphs show
averaged data obtained from two datasets of ten droplets each (black circles: mfs of
(NH,)>SOy in the initial solution 0.03, gas phase RH of 88.5%; open circles: mfs of
(NH,)2SOyin the initial solution 0.004, gas phase RH of 90%). The agreement with the E-
AIM Model calculations (grey lines) is extremely satisfactory and it indicates that the
volatility of ammonia (which is even higher than that of the six considered amines, see
vapour pressure values in Table 7.1) is not an issue when the neutralisation reaction with
H,SO, is performed. This result is extremely important because it confirms that the
concentration of the prepared (NH.),SO, solution is well known and that the preparation
method of the solutions employed for both (NH;)2SO, and all the six aminium sulphates
is efficient and reliable.
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Figure 7.2: Measured e /Tsouie vS. aw (Panel A) and osmotic coefficients vs.
m(S0* )" of ammonium sulphate obtained from the reaction between NHs and

H2SO..

7.1.2 Density and Refractive Index of Aminium

Sulphates

As discussed in Section 6.1.2, in order to retrieve the hygroscopic properties of a
compound (GF,, mfs, Nuater/Nsomte, €tC. VS. ay) from evaporation profiles (radius vs. time)
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measured at different RHs in the C-EDB, density and refractive index parameterisations
as a function of solute concentration are needed.

The densities of at least ten solutions with different concentrations for each aminium
sulphate were measured with a density meter (Densito 30PX, Mettler Toledo, accuracy
of £0.001 g cm™), which was calibrated with pure water before each use. Densities were
measured at ambient temperature, which oscillates in the laboratory between 293 K and
295 K; temperatures were always registered together with the measured density values,
as well. Refractive indices of the same solutions were measured at 589 nm by means of a
refractometer (Palm Abbe II; Misco, precision of +0.0001), which was calibrated with
pure water before each use, too. The optical measurements in the C-EDB for the
measurements of the size of levitated droplets are taken at a wavelength of 532 nm
(Section 5.2.2), but the wavelength dependence of refractive index was considered
negligible (i.e. for pure water m=1.333 at 589 nm and m=1.335 at 532 nm), if compared
to the other experimental uncertainties that need to be accounted for in C-EDB
experiments (Section 6.1.3). As described in Section 5.2.3, the density data are fitted
with a 3" order polynomial and the melt density is determined at mfs=1; this value is
then used in the molar refraction mixing rule (Eq. 5.6) and it allows the determination of
the melt refractive index for each compound. my,.; and o are needed in order to apply
the molar refraction mixing rule to the correction of the varying refractive index of the
evaporating aminium sulphate solution droplets in the C-EDB (Section 5.2.3). The
measured density and m values for each aminium sulphate are shown in Figure 7.3
together with the 3™ order polynomial fit and the molar refraction mixing rule fit for
each compound, respectively. The coefficients of each fitted polynomial curve, mu.; and

Omer are also reported in Table 7.3.

A trend of decreasing density with increasing molecular weight is observed (Figure 7.3,
Panel A): each methylaminium sulphate is denser than its equivalent in the
ethylaminium sulphates series. Within the methyl and the ethyl compounds series, the
following trends are individuated: MMAS>DMAS>TMAS and MEAS>TEAS>DEAS.
The measured refractive indices do not show such evident trends (Figure 7.3, Panel B);
TMAS and TEAS have a slightly stronger dependence of m on the solution concentration
and the extrapolated my values increase in the ethylaminium sulphate series
(MEAS<DEAS<TEAS) but not in the methylaminium one (DMAS<MMAS<TMAS).
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Figure 7.3: p (kg m™®) vs. mfs”? (Panel A) and refractive indices vs. mfs.
Symbols: circles — measured values; lines — parameterisations for methyl (solid)
and ethyl (dashed) aminium sulphates.

Pmelt
(kg m)
MMAS 998.10 5.12 447.11 -40.19 1410.1 1.4771
DMAS 998.47 -2.55 341.03 -51.91 1285.0 1.4725
TMAS 998.03 4.64 252.17 4.82 1259.7 1.4921
MEAS 998.17 -19.25 459.22 -127.00 1311.1 1.4708
DEAS 998.10 -10.09 285.60 -82.47 1191.1 1.4810
TEAS 998.50 -25.09 378.58 -100.86 1251.1 1.5357

Table 7.2: Parameters of the 3 order polynomial fit of density measurements and of the molar

ao a; a as Myert

refraction mixing rule fitting for aminium sulphates solutions.

The obtained M and puu were compared to some available literature data. With
respect to the densities (Figure 7.4), Qiu and Zhang (2012)* obtained values for the solid
compounds (grey circles in Figure 7.4) by plotting mass against volume of particles
heated up to 80°C and measured with a DMA-APM-CPC system (coupled differential
mobility analyzer, aerosol particle mass analyzer and condensation particle counter) and
assuming spherical particles; they also proposed a semiempirical model (solid line in
Figure 7.4) to predict the densities of aminium sulphates as a function of the number of
carbon atoms in the compound (n):

p = pas(1+ An)/(1 + Bn) 7.2

where pas is the crystalline density of (NH4).SOy, A is a relative increase in mass when a
-CH»- is added to ammonium sulphate (0.016) and B is the equivalent to A but on a
volume basis (0.210 from Qiu and Zhang (2012)*® DMA measurements). In another
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paper, Clegg et al. (2013)'"" fitted some density values measured at various solution
concentrations for each aminium suphate converted to apparent molar volumes with
polynomial curves of variable orders and extrapolated a melt density value at mfs=1.
Both these literature works did not consider MEAS. The comparison of these two
datasets with the ppen values obtained in this work is shown in Figure 7.4; as suggested
by Clegg et al.(2013)'"") a theoretical extrapolated ome: is expected to be lower than the
solid density values and that can be observed for both the extrapolated o datasets
(black diamonds — this work; light grey squares — Clegg et al.(2013)'"") if compared to
the solid values estimated by Qiu and Zhang (2012)*" (grey circles). A clear decrease of
the pure component density was found as the number of carbon atoms in the cation (nc
atoms) increases and can be seen in all the three datasets, except for TEAS. The overall
agreement with om values from Clegg et al.'” is good and the percentage difference in
the extrapolated pmer is lower than 3% for all compounds except for TEAS (4.8%). The
effect of the uncertainties of pme: on the hygroscopic properties determined with
evaporation kinetics measurements is discussed in more detail in Section 7.1.5.

—— Fit curve from Qiu and Zhang (2012)
1.6 Clegg et al. (2013)

T ® Qiu and Zhang (2012)
4 This work
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Figure 7.4: pme: of the six aminium sulphates from this work (black diamonds)
and from Clegg et al. (2013)*™ together with the solid o values from Qiu and
Zhang (2012)* and their prediction model (Eq. 7.1, black line).

With respect to the refractive indices of aminium sulphates, Lavi et al.(2013)*® measured
them for four solid aminium sulphates (MMAS, DMAS, MEAS, DEAS) using Broadband
Cavity Enhanced Spectroscopy, in the wavelength range of 360-420 nm. Briefly, this
technique allows the measurement of the extinction cross section of an aerosol ensemble
and the refractive index of a compound is inferred by fitting a Mie curve to the measured

148



Chapter 7. Hygroscopic Properties of Aminium Sulphates

cross sections. In Figure 7.5, data reported in Figure 7 of Lavi et al. (2013)*¢ (grey
circles and grey dashed line, which represents a linear fit of their data) are compared
with the results obtained in this work (black circles), in terms of refractive index versus
density for each compound. The poor agreement between the two datasets can be
attributed to the fact that Lavi et al. (2013)%° consider solid compounds and used the
solid densities reported by Qiu and Zhang (2012)*!) while in this work melt densities and
refractive indices were considered (see in particular the discrepancies for ammonium
sulphate, AS); in addition, the wavelength at which measurements were taken is
different, since they averaged the refractive indices calculated between 360-420 nm, while
in this work m was measured at 589 nm. Anyway, since the work of Lavi et al.? is the
only one found in the literature that measured the optical properties of aminium
sulphates, this comparison is shown for the sake of completeness.
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Figure 7.5: Comparison of refractive indices from the work of Lavi et al.?® (grey
circles, solid compounds) and this work (black circles, melt) as a function of
density.

7.1.3 Hygroscopic Properties of Aminium Sulphates

The hygroscopic properties of the series of the six aminium sulphates were characterised
by means of comparative kinetics measurements, as described in Section 6.1 and using
the density and refractive index parameterisations shown in Table 7.2 for the C-EDB
data treatment. First, the obtained radial growth curves are shown in Figure 7.6.
Considering the compound with the lowest molecular weight first, the hygroscopic
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behaviour of MMAS (¢) is the most similar to ammonium sulphate (grey line, calculation
from the E-AIM Model), in terms of GF,. Continuing in the methylaminium sulphates
series, a slight decrease in GF, is observed in the high water activity region (a,>0.8) for
DMAS (M) and TMAS (@), while in the lower part of the investigated a, region the
hygroscopic properties of these compounds tend to be more similar to (NH4)2SOs, too.
With respect to the ethylaminium sulphates series, a more evident decreasing trend in
the radial growth curve is observed with increasing number of C atoms in the cation
(MEAS(O)>DEAS([1)>TEAS(C)), once again especially in the upper part of the
curves. If the mono-, di- and tri- pairs of the two different series are compared, the
methyl compound always presents higher values of radial growth factor than its
equivalent in the ethylaminium sulphates series.

Note that for the calculation of the reference state radius in the denominator of GF, (Eq.
2.1), the theoretical pure melt density was used (Table 7.2); if the pure crystalline
density values were known and used, one could expect that the calculated radial growth
curve would be slightly higher, because the crystalline density is expected to be higher
than the melt density'™ (Section 7.1.2) and consequently it would result in amer>aay if a
constant mass was considered. Anyway, for example, if a hypothetical increase of 5%
from pmen to o4y as a rough estimate is supposed for DMAS, the obtained GF, curve
would increase by less than 1% (less than 0.01 in GF,); this would not affect the trends
shown in Figure 7.6, it would just slightly change the relative position of the aminium
sulphates curves to that of ammonium sulphate.

] — (NH,),S0, :
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Figure 7.6: GF: vs aw hygroscopic growth plot from C-EDB comparative kinetics
measurements compared with (NH1)2SO4 calculation from the E-AIM Model
(grey solid line).
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The same datasets shown in Figure 7.6 have been converted to nuater/Nsomte VS. aw and
plotted in Figure 7.7, where the symbols previously used for each compound are
maintained. Note that the y axis is displayed on a logarithmic scale for clarity. Different
trends can be individuated in this case: the main factor influencing how many moles of
water are absorbed per moles of solute is the number of alkyl groups in the cation and
not the length of the carbon chains in it. In fact, conversely to the hygroscopic behaviour
observed with the GF, plot, more significant differences are found within the methyl- and
ethyl- series rather than between two analogous compounds belonging to different series,
even if the ethylaminium sulphate in a pair always presents slightly higher values of
Nuater/Nsotute (MMAS(@)~*MEAS(O)<DMAS(B)~DEAS([)<TMAS(49)~TEAS(<C)). In
addition, in the case of these moles of water per moles of solute curves, a higher number
of carbon atoms in the cation results in an increasing trend of nuater/Nsomte, Which is
exactly the opposite trend to that found when the hygroscopic properties of aminium
sulphates were represented in terms of GF, (Figure 7.6).

q
——(NH,),S0,
e MMAS
100‘; = DMAS i
1 ¢ TMAS 2
1 o MEAS qu%
o o DEAS ]
§ | o TEAS
| =
"'--..h p
Q
o
=
S 104
T y T ¥ T u T v T v

Figure 7.7: Nuwater/Msotute VS aw hygroscopic growth plot from C-EDDB comparative
kinetics measurements compared with (NHi)2SOu calculation from the E-AIM
Model (grey solid line).

These different trends found for the hygroscopic properties of these compounds when
considered either in terms of GF, or nNuse/Msowe as a function of a, originate in the
different physicochemical properties that each quantity is able to represent. When GF, is
calculated, the density and molecular weight of each analysed compound have a relevant
role in its determination. For example, if particles with a dry radius of 1 pm for each of
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the six aminium sulphates are considered, the moles of salt in each droplet is going to be
smaller the higher its molecular weight and the lower its density, as shown in Figure 7.8.
Therefore, if hygroscopicity is represented with a size growth factor, this is going to be
determined not only by the ability of a compound to absorb water at a certain relative
humidity, but also by the number of molecules present in the droplet itself. For this
reason, a decreasing hygroscopic growth trend with increasing molecular weight of the
aminium sulphates was found in Figure 7.6 for GF..
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Figure 7.8: Moles of salt (n.) in a 1 pm radius particle as a function of the
molecular weight (M.) of each aminium sulphate.

As discussed in Section 2.1.5, size growth curves are widely used in the aerosol science
community, especially when the optical properties, the radiative forcing or the climatic
effects of atmospheric aerosols are investigated, since they largely depend on the size of
particles (Sections 1.1.3 and 1.2.1). For this reason, the quantification of the hygroscopic
properties of a compound in terms of GF, is useful for such applications and it was done
in this work, as well. Nevertheless, N/ Msomte V8. @y curves allow the characterisation of
the water uptake of a substance on a molecular level and the decoupling of its
hygroscopic properties from its density and molecular weight, because the water uptake
is ‘normalised’ on the molar amount of solute in the particle. This kind of representation
is mostly used in works focusing on chemical reactivity or on thermodynamic properties
of compounds in the aerosol phase, as discussed in Section 2.1.5. The increasing trend
individuated in Figure 7.7 for nyate/Nsome curves with the increasing number of carbon
atoms in the cation is related to the size of the cation itself: the bigger the cation, the
higher the number of water molecules absorbed per mole of salt.
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7.1.3.1 Comparison with Literature Data

As stated at the beginning of Section 7.1, some literature works investigated the
physicochemical properties of aminium sulphates in recent years because of the increasing
understanding of their role in atmospheric processes® 720 With respect to the
determination of their hygroscopic properties, the approach presented here differs from
them in both the preparation method of the solutions and in the experimental
measurement technique; the results obtained with comparative kinetics measurements in
a C-EDB are here compared with those shown by other authors in the light of the

different experimental approaches that were used.

Qiu and Zhang (2012)% were the first who measured size growth curves for these
compounds (MEAS excluded) by means of an H-TDMA (Section 1.3). They calculated
size hygroscopic growth factors as the ratio of mobility diameters measured at variable
RH (up to 90%) and at an RH of ~12%. A monotonic increase in the particle size for
each compound was observed and no deliquescent behaviour was found. If their growth
curves are compared with the GF, shown in Figure 7.6, a systematic underestimation
results from the H-TDMA measurements; it is the highest for TEAS (-16% on average in
the a, range where the two datasets overlap) and for TMAS (-13%), it is about -10% for
DEAS and DMAS and it is the smallest for MMAS (-7%). These discrepancies are most
likely due to the presence of some residual water at the conditions at which the reference
diameter was measured in the H-TDMA experiments (RH ~12%); this would result in an
overestimated reference ‘dry’ size and in underestimated growth factor values. This first
explanation is supported by the studies of Chan and Chan (2012)*", who found that for
some aminium sulphates water was still present in the particle phase at RH~3%. In
addition, a possible volatilisation of the amine during the drying step in the H-TDMA

BT shifting it towards an

could affect the chemical composition of the particles?
aminium bisulphate composition (1:1 molar ratio of sulphuric acid to amine), which was
shown to be less hygroscopic than its sulphate counterpart™. In this respect, interestingly
the two compounds that presented the biggest GF, underestimation (TMAS and TEAS)
are those that were found to be the most volatile in long trapping measurements
performed in this work (see Section 7.1.6). This is also in line with the findings in the
work by Chan and Chan (2012)*", who studied ammonium displacement reactions by
alkylamines by levitating single droplets in an EDB and evaluating the changes in the
recorded Raman Spectra during experiments. After TEAS solution droplets were
levitated at RH<3% for more than 5 h, TEAS was found to have converted to TEA
bisulphate almost completely, indicating that half of the amine in the initial solution had
evaporated. A similar behaviour was observed for TMAS, while DMAS and DEAS
showed smaller evaporation of the amine (~25% and ~5%, respectively); MMAS and
MEAS did not show any relevant evaporation in the observed timescales. These results

153



Chapter 7. Hygroscopic Properties of Aminium Sulphates

support the hypothesis of a possible evaporation of the amine in solution during H-
TDMA experiments, and at the same time represents an interesting comparison to
evaluate the timescales over which this kind of evaporation occurs. Each droplet
evaporation for comparative kinetics measurements in the C-EDB covers just up to 30 s:
this allows the decoupling of the fast water evaporation and the slow amine evaporation,
since these two processes occur over different timescales. In addition, the evaporation
experiments in the present work were carried out at RH>50% and for this reason the
evaporation rates in this case have to be smaller than those measured by Chan and
Chan®" (droplets levitated at RH<3%).

At a later stage, Clegg et al. (2013)'"! converted the size growth curves measured by Qiu
and Zhang (2012)*" t0 Nuases/Nsonze VS. @, thanks to density measurements (discussed in
more detail in Section 7.1.5). The obtained growth curves did not allow the discernment
of any significant trend in the hygroscopicity of aminium sulphates; they resulted to be
essentially similar to that of ammonium sulphate in the lower a, range and the scatter of
the data do not give any certain trends for a, above 0.7, even if it seems that the
methylaminium sulphates absorb less moles of water per moles of solute than the
compounds in the ethyl series.

Because of the uncertainties associated with the H-TDMA measured GF,, the comparison
with another study from Sauerwein et al. (2015)™ revealed interesting. Bulk water
activity measurements for four different amine-to-sulphate ratios and over a
concentration range of salt up to 9 mol kg! were performed at 25°C with an activity
meter. Using a bulk measurement technique for the determination of hygroscopic
properties of aminium sulphates has the advantage of minimizing possible evaporative
losses of amine during the measurements, if compared to measurements in the aerosol
phase with a H-TDMA or in classical EDB humidification and dehumidification
experiments. Note that TEAS was not considered in their study. As a first comparison,
the hygroscopic growth curves previously shown in Figure 7.7 in terms of 7uaser/Msome VS.
a, are plotted separately for each compound with results from Sauerwein et al. (2015)™
(Figure 6a in their paper) in Figure 7.9 (note that again the y axis is shown with a
logarithmic scale). The hygroscopic growth curves determined with the two different
experimental methods slightly differ one from the other, but these discrepancies are less
significant than what was found for the comparison with H-TDMA data from Qiu and
Zhang (2012)*'. The comparison of the two datasets in terms of osmotic coefficients (Eq.
2.16) can provide a further insight into these discrepancies. Similarly to Figure 7.9, the
osmotic coefficients as a function of m(SO,;*)’* are plotted individually for each
compound in Figure 7.10; the discrepancies previously observed are obviously present in
these plots as well, but a few more considerations can be done. First, if the errors
associated with each dataset are considered, they overlap over some m(SO;”)"’ ranges
especially in the low molality end (high water activity region) for MMAS, TMAS, MEAS
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Figure 7.9: Nuater/Nsotute V8 aw from C-EDB comparative kinetics measurements

(solid circles) compared with data from Sauerwein et al. (2015)

™ (open ¢

ircles)

and (NHi)2SOu calculation from the E-AIM Model (grey solid line).

155



Chapter 7. Hygroscopic Properties of Aminium Sulphates

L

L

e MMAS * MEAS
©  MMAS - Sauerwein et al. 2015 o MEAS - Sauerwein et al. 2015
(NH,),S0, . (NH,),S0O,
# {.H}H }}{F } {
#oop ! } {
! {11
\ { 5 B \ } B
[ooms o
204 © DMAS - Sauerwein etal. 2015 | © DEAS - Sauerwein et al. 2015
(NH,),S0, (NH,),S0, .
| # |
1.5 i}f?‘i ] }}“H{% %
H{ﬁ}% § {{{{% 3
g Nill
254 e 'TMAS[ ' l l ' 4 e 'TEASr l ] ' l
o TMAS - Sauerwein et al. 2015 (NH,),SO,
1— (NH,),80, . !
20 g ] | ;__‘+
o] : s
< 157 § ] Tl
] $ 1ot
] { iigé o..++
0 f ¢ ot
1 N { U N, S B
o.d"bf'"%'.6"'115"'216"éfé"'sfd'”3.50‘.6"&5'”'15"ifé"'zfd”'zfé"'sfé"é.s
(mso42_)0.5 / m0|0.5 kg-O.S (m5042_)0.5 / mOID.S kg-0.5

1.5

1.0

0.5+

0.5

051

Figure 7.10: osmotic coefficients vs. m(S04*)" from C-EDB comparative

kinetics measurements (solid circles) compared with data from Sauerwein et al.
(2015)™ (open circles) and (NHi)2SO calculation from the E-AIM Model (grey

solid line).

156



Chapter 7. Hygroscopic Properties of Aminium Sulphates

and DEAS (m(SO;”)"? <1, approximately), but also in the region m(S0O,*)*” >2 for
DMAS and TMAS. Despite these discrepancies, results from the two different
experimental methods show the same hygroscopicity trends over the methyl and
ethylaminium sulphates series, conversely to results from the H-TDMA measurements®
that did not allow the discrimination of different hygroscopic behaviour among the
considered compounds.

Some work was done in order to understand these discrepancies. The evaporation
kinetics measurements technique in the C-EDB was validated by means of the
determination of the hygroscopic properties of well-characterised inorganic compounds
and their mixtures (Chapter 6). In addition, sensitivity tests were performed to evaluate
possible effects of random experimental errors associated with the proposed experimental
method. The reproducibility of the measurements and the uncertainty associated with
the density parameterisations used are presented in Sections 7.1.4 and 7.1.5, where it is
shown that they do not affect significantly the determined hygroscopic properties of a
compound. Thus, other possible sources of error related to the physicochemical features
of these particular aerosol systems were investigated. If these discrepancies were due to a
partial volatilisation of the amine in the droplets evaporating in the C-EDB, the
observed bias between the two datasets should be opposite, i.e. an underestimation of
Nuater/Nsomte aNd of osmotic coefficients would be expected, similarly to what was discussed
in the case of the H-TDMA size-based measurements from Qiu and Zhang (2012)% and
converted to a molar basis by Clegg et al. (2013)'". Another potential source of error
could be an inaccurate knowledge of the concentrations of the aminium sulphates initial
solutions. In this respect, the solution preparation method described in Section 7.1.1 was
validated through the reaction of ammonia and sulphuric acid and the measurements of
the hygroscopic properties of the obtained (NH,)>SO4. The results of this test proved the
validity of the proposed method and if the volatilisation of NH; during the neutralisation
reaction was not an issue it cannot have represented a problem for the considered
alkylamines, since they are characterised by lower vapour pressures than ammonia
(Table 7.1). Furthermore, in order to achieve complete agreement with the data from
Sauerwein et al. (2015)™ the aminium sulphates solutions should be 5-10% more
concentrated than what was calculated from the titration of the commercial stock
solutions and from the amount of the reagents. Not only does this percentage seem
unrealistically high, but also if any volatilisation of the amine occurred during the
preparation of the solutions the solute concentrations would be overestimated and not
underestimated.

Therefore, in order to understand these differences, the data treatment of the bulk
measurement results in Sauerwein et al. (2015)™ needs to be described more in detail.
First of all, a linear interpolation of the experimentally determined water activities was
necessary, since measurements were taken at different molality values and this
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interpolation is needed so that data for the different aminium compounds can be
compared at fixed a, values (note that this operation was done on the C-EDB data as
well, but just to allow the comparison in Figure 7.11). Subsequently, these interpolated
datapoints at fixed water activities were fitted with the Zdanovskii-Stokes-Robinson
(ZSR) model'** in the simplified form'"® shown in Eq. 7.3:

Wtot Wa + Wsalt + (na + nsalt)xaxsaltA 7.3

where W, is the total mass of water in the mixture, v’ is the mass of water associated
with the acid (@) or to the aminium sulphate (salt), 2, and ., are the mole fractions of
the two dry solutes (calculated as: @,=n./(na+nsw) and Zeu=nsen/ (RatNsar), Mo and Mg
being molar amounts of acid and of salt, respectively) and A’ is an empirical parameter
obtained by fitting the experimental datapoints.
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Figure 7.11: kg of H20 per mole of solute as a function of the degree of neutralisation of
sulphuric acid by amine (zs.:). Symbols: solid cirles — data from this work; open circles
— data from Sauerwein et al. (2015)7. Lines: black — fitting of the data in Sauerwein et
al. (2015)™ with Eq. 7.3; red dashed — same flt‘rmg but including the C-EDB datapoint
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This model provides a framework for the estimation of the water content in mixtures (in
this case ternary mixtures of H,O-HsSOs-aminium sulphate) with different molar ratios
between the solutes. This allowed the authors to calculate the water content (in terms of
kg of water per mole of solute, or molality) and the stoichiometric osmotic coefficients
(Eq. 2.16) for the relevant aminium:sulphate ratio of 1:1 (bisulphate) and 2:1 (sulphate).
Examples of these fittings are reported in Figure 7.11, where the water content (kg mol™)
as a function of zy is shown. z,; can be considered as the degree of neutralisation of
sulphuric acid: ;=0 corresponds to pure H.SO, and the water content in this case is
well-known*® (the ZSR fit is therefore constrained to this value), while xu=1
corresponds to the completely neutralised aminium sulphate. In Figure 7.11, the open
circles are data at fixed a, from Sauerwein et al. (2015)™, the black line represents the
7SR fitted curve from parameters in Table 1 of their paper together with its uncertainty
(grey envelope, both from parameters in Table 1 of their paper) and the black solid
circles represent C-EDB data that have been linearly interpolated at the same fixed a,
for comparison (0.8 in Panels A-E, 0.925 in Panels F-L); as in Sauerwein et al. (2015)™,
the uncertainty of these points is set as the biggest uncertainty among the experimental
points used for the interpolation.

The discrepancies between the estimations from bulk and C-EDB measurements shown
in Figure 7.9 are present in this case too: at z,;=1, the amount of water associated with
each aminium sulphate determined with the comparative kinetics measurements at the
two different a, values is systematically higher than the ZSR fitted value from a, bulk
measurements. The ZSR fittings of these data in Sauerwein et al. (2015)™ are good and
the authors demonstrated that with this approach the performance of the model in
estimating the amount of water (and the osmotic coefficients) at arbitrary
aminium:sulphate ratios is satisfactory within the uncertainties of the model, which are
due to some scatter in the data (TMAS, MEAS, Panels C-D and H-I in Figure 7.11) and
to the fewer number of data points available for different z,; values in the case of
MMAS, DMAS and DEAS (Panels A-B-E and F-G-L). In the light of these uncertainties
and comparing the kg H,O mol! determined with C-EDB experiments with the bulk a,
measurements, despite the discrepancies with the extrapolated data from the ZSR fitting
at z,s=1, they are in good agreement if the trends of data with increasing z;u are
considered.

In order to show this agreement more quantitatively, another ZSR fit of Sauerwein et al.
(2015)™ data was performed including the datapoint from C-EDB comparative kinetics
measurements (red dashed line with light red uncertainty envelope in Figure 7.11). In
most cases, this second fitted ZSR curve doesn’t introduce significant variations for
Z,1<0.6 while it predicts higher values in the higher end of the curve. In addition, the
uncertainty of the fitting is comparable between the two cases, except for DEAS (both
fixed aw, Panels E and L) and for DMAS at a,=0.925 (Panel G), for which the scatter of
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the datapoints and their number result in a bigger error envelope than for the other
compounds. Consequently, the discrepancies seen in terms of 7ugser/Nsomee (Figure 7.9),
osmotic coefficients (Figure 7.10) and kg of water per mole of solute in Figure 7.11 can
be attributed to the uncertainty in the ZSR fittings and to the errors associated to the
two different experimental techniques. Sauerwein et al. (2015)™ state that there is no
physical reason why a simple relation such as the one in the applied ZSR approach (Eq.
7.3) should exactly represent the relationships that connects the water activity with the
variable chemical composition of such systems, even if it is able to describe it
satisfactorily when including the C-EDB datapoints in the fitting (red dashed curve in
Figure 7.11). In addition, the measurements of the hygroscopic properties of aminium
sulphates discussed in this Chapter are directly carried out on solutions characterised by
2:1 amine-to-sulphate ratios, whereas data from Sauerwein et al. (2015)™ are derived by
means of a ZSR fitting (Eq. 7.3) of experimental data of solutions with other amine-to-
sulphate ratios.

As a final remark, it is worth noting that with the C-EDB experimental technique
applied in this work the characterization of the hygroscopic properties of aminium
sulphates up to a, of 0.99 was possible. The other literature approaches that were
discussed in this Section were able to cover larger a., ranges (down to 0.1) but none of
them could be applied to obtain any data for @,>0.9. Thus, the comparative kinetics
measurements in a C-EDB provide a powerful tool for investigating a water activity
region that is otherwise hard to characterise with such accuracy but which is of great
importance for the understanding of the activity of aerosol particles as cloud
condensation nuclei (Section 2.1.4).

7.1.4 Reproducibility of Measurements

In Section 6.1.3 (Figure Figure 6.5), the reproducibilty of the hygroscopic growth curves
for NaCl retrieved from the evaporation kinetics of 10 different droplets whithin a single
dataset was shown, in order to uphold the averaging of the hygroscopic properties over
multiple droplets within a dataset. Here, in order to evaluate the reproducibility of the
solution preparation method (Section 7.1.1) and of the retrieval of hygroscopic properties
of a compound from comparative evaporation kinetics measurement, data obtained from
three different datasets of evaporating DMAS solution droplets are compared in Figure
7.12. The nyater/Nsolute V8. ay curve (Panel A) and the osmotic coefficient vs. square root of
sulphate mass fraction (Panel B) for DMAS are calculated from three different data sets
of 10 droplets each, measured on different days (22/05/2014, 16/10/2014 and
24/03/2015) from different starting stock solution of diethylaminium sulphate. Data from
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Sauerwein et al. (2015)™ (open circles) and calculations for ammonium sulphate (E-AIM
Model, grey line) are plotted for comparison as well. Measurements were taken at RH ~
80%. The reproducibility of the obtained curves is very satisfcatory, giving further proof
that the proposed experimental method is valid and reliable. In addition, this satisfactory
experimental reprodubility proves that the discrepancies with Sauerwein et al. (2015)™
discussed in Section 7.1.3.1 cannot originate from random errors associated with the C-
EDB experiments.

Observing the error bars in Figure 7.12, a brief consideration on their variable amplitude
within a dataset and among different datasets is necessary. If the three different datasets
are compared, they are characterized by small differences in the amplitude of their error
bars and these are due to the internal reproducibility of measurements from the ten
different droplets that compose a single dataset (Section 6.1.3). If the variability of the
uncertainties within an individual dataset is considered, that is related to the variability
of the uncertainty of the sulphate molality, because it changes during the evaporation of
a droplet (see the calculation of uncertainties in Table 6.1); all these aspects reflect in
the overall calculation of the uncertainties of osmotic coefficients.

1.5
® DMAS - 22/05/2014 | »
® DMAS - 16/10/2014 I
® DMAS - 24/03/2015 - )
100 o DMAS- Sauerwien et al. (2015) 3
1 —H,),80, ,“ 1 3
g : - f
:3 1 ‘.IC' +1.0 7 2
- 1 ".o - ] §
g " {
z ..'PPO ]
= -
{1 e -l (o] 4
[e] 4
10- | %27 (B)
| R T T T AN i e L) TR
080 085 090 095 1.00 0.0 0.5 1.0 1.5
,\0.5 05, .05
a, (Mmg,2)" / mol™ kg

Figure 7.12: Evaluation of the reproducibility of measurements of the
hygroscopic properties of DMAS. Lines: (NH1)2SO4 calculations from the E-AIM
Model. Symbols: solid circles — C-EDB experimental measurements from three
different solutions; open circles: data from water activity measurements in
Sauerwein et al. (2015)™.
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7.1.5 Sensitivity to Density Parameterization

A parameterisation of density as a function of solute concentration is needed for the
processing of C-EDB evaporation radius profiles (Section 5.2.3). The effect of
uncertainties on the density parameterization used was evaluated for DMAS, in order to
estimate how potential errors in the density measurements and uncertainties in the
extrapolation of pma at mfs=1 could affect the hygroscopicity data calculated from
comparative kinetics measurements. In Figure 7.13, the densities of DMAS solutions
measured in this work are shown (black squares) together with their 3 order polynomial
fit (black line), which is the parameterization used in all the calculations for this
compound (Table 7.2). A +2% error was set on the melt density (mfs=1) and for the
rest of the curve the error is linearly decreased with mfs*? (grey envelope in Figure 7.13).
The two obtained 3 order polynomials (called ‘Error+’ and ‘Error-’ in Table 7.3,
respectively) were applied together with the molar refraction mixing rule for the data
treatment of the DMAS original evaporation kinetics datasets.

Density data from Clegg et al. (2013)"** are also shown in Figure 7.13 for comparison
(red dots); a little discrepancy between their measurements and the data presented in
this work is observed, not only for DMAS but also for the other 5 aminium sulphates
they considered; no clear pattern can be observed from these differences. However, they
can probably be attributed to the different preparation procedures of the aminium
sulphates solutions and to the different experimental techniques for the measurement of

4 removed water under vacuum from the solution

densities. Clegg and co-workers
obtained from the reaction of each amine and H.SOs, obtaining a ‘solid’ aminium
sulphate, which was then dissolved in a small amount of water; successive dilutions of
the same solutions were then performed and at each dilution step the diluted solution
was weighted in a volumetric flask to calculate its density. The same approach was at
first tested in this work too with DMAS: after removing the water under vacuum as
indicated by Clegg et al. (2013)'") an amorphous gel-like solid was formed and in the
moment that the flask was removed from the vacuum pump and the solid was exposed to
the laboratory air water adsorption by the solid could be seen to the naked eye, since its
surface appeared ‘wet’. Therefore, this approach was no longer followed, because the
presence of unaccounted water when weighing the ‘dry’ solid could result in a wrong
determination of the actual concentration of aminium sulphates in solution. The densities
of at least ten solutions obtained by non-successive dilutions of a concentrated stock
solution prepared as described in Section 7.1.1 were measured with a density meter
(Section 7.1.2) for each aminium sulphate, which represents another difference with the
experimental procedure of Clegg and co-workers'. In addition, densities in this work
were measured at ambient temperature (293-295 K, Section 7.1.2), while in their work
they operated at 297 K.
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13004 = DMAS - Measured densities
{ + DMAS-Cleggetal. 2013
1250 4 —— 3 order polynomial fit

Figure 7.13: DMAS density measurements (black squares) and their 3* order
polynomial fit as a function of mfs”” of solute. Data from Clegg et al. (2013)!%*
are also shown for comparison (red circles).

3*! order polynomial density coefficients Melt Melt p /

a b c d R.I. g cm?
DMAS 0.99847 -2.55-10° 0.34103  -0.05191  1.4725 1.2850
Error+ 0.99847 0.017256  0.342053 -0.04702  1.4665 1.3108
Error- 0.99847 -0.02231 0.339909 -0.05675  1.4783 1.2593

Table 7.3: Parameters of the 3 order polynomial parameterisation for density and for the molar
mixing rule (Section 5.2.3). DMAS is the original fitting of experimental data (black circles in
Figure 7.13), while ‘Error+’ and ‘Error-’ are calculated supposing a +2% error on the extrapolated
0 e, as described in the text.

The hygroscopic properties of DMAS obtained from the treatment of the evaporation
kinetics data with the ‘original’ density parameterization (black squares), with the
‘Error+’ (purple triangles) and the ‘Error-’ (light blue diamonds) parameterisations are
shown in Figure 7.14. Data from Sauerwein et al. (2015)™ (open circles) and calculations
for ammonium sulphate (E-AIM Model, grey line) are plotted for comparison as well.
When the hygroscopic properties of DMAS are represented either in terms of nuaer /Nisome
or GF, vs. a, (Panels A and B), the three curves deriving from the three different data
treatments are virtually undistinguishable and a possible uncertainty in the applied
density parameterisation does not seem to be significant because they are comparable to
the other experimental uncertainties of the C-EDB measurements. In the case of the

osmotic coefficients plot (Panel C) some very slight deviations within the three curves
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can be distinguished at the two extremes of the plot. With respect to the low sulphate
molality region, these small differences are due to the fact that a small variation in the
sulphate molality results in more relevant variations in the osmotic coefficients, because
my appears in the denominator in the osmotic coefficient expression (Eq. 2.16). If the
high sulphate molality region is considered, the variations among the three curves are a
bit more significant because the simulated error on the density parameterisation is bigger
for more concentrated solutions (grey envelope in Figure 7.13).

Therefore, the hygroscopic properties of aminium sulphates determined by means of
comparative kinetics measurements in a C-EDB are relatively insensitive to reasonable
(+2%)

if the wvariations

variations in the extrapolated pp value
In addition, different density
parameterisations are compared to the discrepancies found with the data from Sauerwein
et al. (2015)™, it is clear that their differences with the C-EDB datasets cannot be caused

by inaccurately accounted for variations of the density of the evaporating droplets.

and to the applied density
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Figure 7.14: Hygroscopic properties of DMAS obtained from the treatment of

the C-EDB kinetics evaporation data with the three different set of parameters

in Table 7.3. Symbols: black circles — original data; pink triangles — obtained

with ‘error+’ parameters; light blue diamonds — obtained with ‘error-’

parameters; open circles — Sauerwein et al. (2015) Line — E-AIM Model for

(NH1)2S0s.
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More generally, note that aminium sulphates are very soluble compounds and it was
possible to directly measure the density of their bulk solutions over a wide range of

solute mass fractions (up to mfs*’

values of 0.67-0.85, depending on the compound);
consequently, the mfs’’ range over which the extrapolation for the calculation of o is
needed is quite small and an uncertainty of +2% (Figure 7.13) seems reasonably large for
the evaluation of its effects. This could be different for less soluble organic compounds
and, if density extrapolations over wider ranges are needed, the uncertainties associated

to such extrapolations should be evaluated, too.

7.1.6 Vapour Pressures of Amines over Aminium
Sulphate Solutions

The determination of the vapour pressures of semi-volatile compounds is important for
the understanding of their impact on cloud droplet activation and other physicochemical
properties of atmospheric aerosol particles (Section 2.1). The C-EDB is suitable for the
estimation of vapour pressures down to ~10° Pa'* since they can be estimated from the
evaporation kinetics of aerosol particles.

As discussed in Section 2.3, water evaporation from a droplet occurs until when the
water activity in the solution is equal to the RH in the gas phase and an equilibrium
between the liquid and the gas phases is established. If, besides water, non-volatile
compounds are present in solution, when the equilibrium radius is reached by a droplet it
is going to be constant, if the RH is kept constant. If a semi-volatile compound is present
in the considered aerosol system, it will partition between the droplet and the
surrounding gas phase, as well. With respect to aminium sulphates, the equilibrium that
is estabilished within the liquid phase and with the surrounding gas phase is shown as a
schematic in Figure 7.15, taking as an example methylamine.

The cations in solution are in equilibrium with the neutral form of the amine and this
equilibrium is characterised by a certain pK, for each compound (Table 7.1). In addition,
an equilibrium between the amine in the gas and in the aerosol phase is present too and
the amount of CH:;NHyg. depends on the pure component vapour pressure of the
compound (p”). The partitioning of water is going to be affected by possible evaporative
losses of the amine in to the gas phase and, in order to keep the water activity in the
solution constant, some water will evaporate together with the semi-volatile.
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Figure 7.15: Equilibria established between a methyaminium sulphate solution
droplet and the gas phase.

The partial vapour pressure of a semi-volatile substance over a multi-component droplet
can be experimentally determined by measuring the mass flux from the droplet to the
gas phase, at constant RH conditions®. If the mass loss from the droplet is expressed in
terms of the change in particle radius squared with time (da®/dt), the single component
vapour pressure of the amine partitioning from an aminium sulphate solution droplet to
the gas phase (pamines) can be written as follows™:

mfsaminepRT da? 7.4

(pamine,oo - pamine,a) = oM

amineDaminexaminefamine dt

where pominen is the partial pressure of the amine at infinite distance from the droplet (in
C-EDB experiments single droplets sit in a continuous nitrogen flow (Section 5.2.4), thus
Damine,c=0), MfSaminey Tamine and Jumme are the mass fraction, the mole fraction and the
activity coefficient of the neutral form of the amine in solution, p is the solution density,
R is the universal gas constant (8.314472 J K mol™), T is the gas phase temperature in
Kelvin (steady evaporation and T Tyes are assumed, all measurements at 293.15 K),
Mamine is the molar mass of the considered amine and Dy, is the diffusion coefficient of

the amine in the gas phase.

0O, MfSamine and Tymine Were calculated from the radius of the evaporating droplet after the
evaporation of water has completed, from its initial radius and initial concentration and
with the density parameterisations shown in Section 7.1.2. fuune was estimated with the
E-AIM Model, instead; for this calculation, the parameterisations from Peng et al.”” were
used, and the amount of water, amine and sulphuric acid in solution calculated from
EDB measurements were given as an input for the model simulation at 293.15 K.
Experimental data for the diffusion coefficients of semi-volatile compounds in the gas
phase are difficult to find, but they can be estimated with the Chapman-Enskog theory,
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that models the transport properties of binary gaseous mixtures (amine + nitrogen, in

this case) calculating intermolecular potential energies from Lennard-Jones

potentials?™27:

1 1 1
D =0.0018583 (T3 [ ] 7.5

+ —
2
Mamine MNZ paamine,NZQamine,NZ

where My, and My, are the molar masses of the amine and of nitrogen, respectively, p
is the pressure of the gas phase (in atm), Ouminen2 is the binary collision diameter, which
is calculated according to Eq. 7.6 (V. is the molar volume) and represents the average
diameter of the two colliding chemical species, (2°nen2 is the collision integral for
diffusivity, which is calculated according to Eq. 7.7°™ Even if water is also present in the
gas phase, this was not taken into account for the calculation of the diffusion coefficient
of the amines in the gas phase, since the H,O molar fraction is negligible.

a‘fmine‘NZ = O'S(Uamine + O-Nz); o; = 0.84—1]/;1/3 76

_1.06036 + 0.19300 + 1.03587 + 1.76474
T T*015610 © pxp (0.47635T%)  exp (1.52996T*)  exp (3.89411T*)

7.7

In Eq. 7.7, T*is the reduced temperature, expressed as T*=kpT/ Comine, vz, Where kg is the
Boltzmann constant and €gpin.,ve represents the Lennard-Jones parameter describing the
intermolecular interaction (€ amine vo=(Eamine - €ne)/? and € /ky=1.92T,, (T, is the melting
point temperature, values from CRC Handbook*®). All the parameters used for the
calculation of the relevant Dgmg. diffusion coefficient are summarised in Table 7.4.

Compound o / cm mol?! e/kg Qomine.N2 D / cm? st
N, 3.798 71.4 - -
TMA 3.784 299.616 1.07456 0.1385
TEA 4.358 304.224 1.07742 0.1111

Table 7.4: Parameters used for the calculations of Drya and Drra, as described in the text. The
diffusion coefficient values obtained are reported as well.

In order to estimate puymmeq for the six aminium sulphates characterised in this study,
da®/dt in Eq. 7.4 were measured at different RH values by means of long trapping
measurements. In Figure 7.16, an example of the outcome of such experiments is given
for a droplet of TEAS solution evaporating at RH=49%. After the first rapid evaporation
of water from the droplet (~ 5 s, radius decreasing from about 25 to 12 pm), a further
slow mass loss is observed for the following 200 s: the a, in solution is constant, because
the gas phase RH is kept constant, and the change in radius is due to the evaporative
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loss of some amine from the solution. da®/dt is calculated by linearly fitting this second
portion of the evaporation profile (converted to radius squared). Note that the one shown
in Figure 7.16 is the case where the biggest mass loss was observed (see the measured
gradient values in Table 7.5). Considering the minimum radius variations that can be
measuread with the C-EDB (Section 5.2.2) and the fitting of light scattering patterns
with Mie-theory simulation (Section 5.2.2.2), vapour pressures down to ~10° P can be
measured with this approach, assuming a minimum necessary size change of 100 nm'#

for an accurate fit of da®/dt.
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Figure 7.16: Example of a long trapping measurement in a C-EDB for the
determination of the vapour pressure of semi-volatile compounds. The squared
radius profile refers to a TEAS droplet evaporated at RH=49%.

The gas phase RH was checked before and after the long trapping of a single test droplet
with either water or NaCl droplets used as a probe (Section 6.1.1) and only experiments
for which the measured RH was constant were considered. Because of the comparative
method used in the C-EDB for the determination of the gas phase RH, it was not
possible to keep track of possible RH fluctuations during these long trapping
experiments, but the linearity of the evaporation profiles after water evaporation has
completely occurred is a good indication that no RH fluctuations affected the measured

radius of the droplets.

In the case of long trapping measurements, the sizing of droplets was performed by
collecting the intensity of the angularly resolved scattered light (every 0.01 s during
water evaporation and every second in the second part of the curve) and by fitting the
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obtained phase functions with simulations from Mie theory, as described in Section
5.2.2.2. The geometric optics approximation was not applied in this case, because the
variations in radius that are observed in these experiments (on the order of hundreds of
nm) are small and a higher accuracy in sizing is preferable.

Interestingly, it was not possible to measure pumu. from evaporation profiles of MMAS,
DMAS, MEAS and DEAS, because on the timescales of these long trapping
measurements (up to 500 s) the part of the curve after water evaporation had completed
was flat and no significant evaporation of amine could be observed over the gas phase
RH range considered (~50-80% RH). This means that the evaporative loss of amine for
these compounds is too slow to be observed by means of this experimental technique. It
also implies that the volatilisation of MMAS, DMAS, MEAS and DEAS from
evaporating droplets during comparative kinetics experiments is not an issue, because
this phenomenon cannot be observed over much longer timescales than those covered by
the water evaporation in comparative kinetics experiments (less than 30 s).

The only two compounds for which this evaporative loss of amine could be observed were
TMAS and TEAS. Table 7.5 shows the average calculated pyya and pyus values for the
corresponding amines are prwa=6.6-107+3.0- 107 Pa (average over 5 measurements at
different RH) and pypa=4.6-10"+2.9-10" Pa (average over 4 measurements at different
RH), respectively.

TMAS solutions TEAS solutions
RH d(a®)/dt PTMA RH d(a®)/dt PTEA
(m?s!) (Pa) (m?s!) (Pa)
48.2% -4.57-10" 1.1-10" 49.0% -1.24-10% 3.3-10%
62.8% -2.15-10" 7.2-107 53.0% -1.95-10% 8.7-10"
63.3% -1.78-10" 4.9-107 71.2% -9.35-10" 3.5-10"
71.4% -2.02-10% 6.2-102 79.9% -4.66-10" 2.0-10"
88.0% -8.94-10% 3.5-107? Average  4.4-10"
Average 6.7 107 s 2.9-101

s 3.0-10°

Table 7.5: Measured radii gradient after complete water evaporation (da*/dt) of TMAS and TEAS
solutions at variable RH, together with the corresponding prua and pres, calculated using Eq. 7.4.

The single component vapour pressures calculated over trimethyl and triethylaminium
sulphate solutions are seven and four orders of magnitude lower than the pure
component vapour pressures of TMA and TEA indicated in Table 7.1, respectively (231
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and 9.03 kPa). This is due to the acid-base equilibrium established by the presence of
sulphuric acid in solution (Figure 7.15), which significantly lowers the vapour pressure of
the amines, as anticipated in Section 7.1, since the amount of the volatile form of the
neutral amine in solution is very small. In fact, if the mass fractions of the neutral
amines (mfsyua and mfspia) in the considered TMAS and TEAS are calculated using the
pKa values in Table 7.1, they result in the order of 10, whereas mfsruas and mfsyuas
span from ~0.2 to ~0.6 at after the first fast evaporation of water, depending on the gas
phase RH.

In addition, thanks to the calculation of pyysa and prma, it is possible to calculate the
amount of amine loss from TMAS and TEAS evaporating droplets over significant
timescales for comparative kinetics experiments in the C-EDB.

7.2 Summary and Conclusions

In this Chapter, the hygroscopic properties of aminium sulphates were investigated.
These are organic salts that result from the neutralisation reaction of sulphuric acid by
amines. Such compounds have been found in atmospheric aerosols, because short-chained
amines can convert from the gas to the particle phase following different pathways.
Hence, the understanding of the hygroscopic properties of aminium sulphates is
important for an accurate understanding and modelling of some atmospheric processes
they can be involved in (e.g. formation and growth of new particles, activation of cloud
droplets). In order to measure their hygroscopic properties with comparative kinetics
measurements in a C-EDB, the dependence of aminium sulphates solution densities and
refractive indices on mass fraction of solute were measured. Different hygroscopicity
trends were observed when the obtained growth curves were plotted either in terms of
radial growth factors or of moles of water per moles of solute. This result allowed some
considerations on how different parameters used to represent the hygroscopicity of an
aerosol system can give different perspectives on the hygroscopic properties of a
compound, because each parameter is able to reflect a different aspect of the same
complex property. All the experimental results were also compared with the few studies
available in the literature and the observed discrepancies were discussed in the light of
the different experimental approaches.

Long trapping experiments were carried out to quantify the single component vapour
pressures of amines over aminium sulphate solutions. After the first fast evaporation of
water, no significant mass loss was observed for MMAS, DMAS, MEAS and DEAS
solutions, indicating that their pure component vapour pressures are too high to be

170



Chapter 7. Hygroscopic Properties of Aminium Sulphates

observed by means of long trapping measurement in the C-EDB, over the considered
timescales (up to 500 s). On the contrary, it was possible to measure the single
component vapour pressures of TMA and TEA over TMAS and TEAS solutions. The
measured values resulted several orders of magnitude less than the vapour pressures of
the pure compounds. These results indicate that the acid-base reaction with sulphuric
acid significantly lowers the volatility of the six considered amines.

Aminium sulphates represented the first class of more complex aerosol systems to be
investigated by means of the C-EDB comparative kinetics technique over a wide range of
water activities. Therefore, besides their atmospheric relevance, this study was also
fundamental for a deeper understanding of all the possible effects caused by eventual
random errors in the experimental procedure, potential uncertainties on the
representation of the density of a compound and possible issues caused by evaporative
losses of semi-volatile compounds. For these reasons, reproducibility tests, evaluation of
different density parameterisations and the measurement of the amines pure component
vapour pressures were performed.
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Chapter 8 Summary and conclusions

The hygroscopic properties of atmospheric aerosols determine their interaction with
water molecules in the gas phase and they strictly depend on the heterogeneous chemical
composition of particles, which includes both inorganic and organic species. The phase
transitions relative humidity and the hygroscopic properties of atmospheric aerosols
determine the physical state and the water content of particles in the atmosphere. The
size distribution of particles and their optical properties are strictly dependent on their
hygroscopic properties. The interplay of all these interdependent chemico-physical
properties of atmospheric aerosol particles influences their climate and health effects and
also the potential risk that deposited particles on surfaces represent for sensitive
materials. For a better understanding of the impact of atmospheric aerosols in these field
of research, their hygroscopic properties need to be better understood and constrained in
aerosol thermodynamic models.

Within this context, in this thesis two complementary approaches for improving the
understanding of the hygroscopic properties of aerosols were employed. First, the
characterisation of the deliquescence and crystallisation relative humidity of PMa;
atmospheric aerosol samples was performed by means of an electrical conductance
method. Successively, with a change of perspective, an experimental technique for the
measurement of the hygroscopic properties of single confined aerosol particles was
proposed, validated and applied for the characterisation of the hygroscopicity of a first
class of atmospherically-relevant mixtures.

These two approaches partially reflect the current research themes on atmospheric
aerosols in the literature. First, accurate laboratory measurements over a wide relative
humidity range and up to values close to saturation are needed to provide the necessary
data for an improvement of the current aerosol thermodynamics models. On the other
side, the observation and rationalisation of the hygroscopic properties of atmospheric
aerosol particles as they are found in the atmosphere are essential to understand their
role in atmospheric processes and their effects on substrates they may deposit on, but
also to validate the prediction of aerosol models.
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In the first part of this work, an experimental approach that combines standardised
PM.; sampling of atmospheric aerosol particles, conductance measurements in an Aerosol
Exposure Chamber for the investigation of phase transitions during humidity cycles and
ion chromatography analysis for the characterisation of the chemical composition of the
ionic fraction of samples was proposed. This experimental approach was presented in
Chapter 3, together with the description of its development and improvement and with
the tests that were carried out to prove the validity of the conductance method.

The results of DRH and CRH measurements on PMs; aerosol samples were presented in
Chapter 4. One of the most relevant findings was represented by the correlation of the
seasonal trends of the deliquescence and crystallisation RHs frequency distributions with
the seasonally-modulated chemical composition of samples, typical of atmospheric
aerosols in the Po valley. This aspect is relevant because it has implications in various
fields of applications, such as the safe operation of DFC Data Centers, the risk
assessment on stone cultural heritage artefacts associated to the contamination with
deposited particles and the determination of ground-level particles concentrations with
remote sensing techniques. These three applications of the electrical conductance
measurements were discussed in Chapter 4 and it is worth highlighting what all three of
them evidenced. First of all, it was shown how simplified approaches that do not
consider the hysteresis behaviour of the hydration state of aerosols can lead to bias and
to a partially incomplete characterisation of the effects of atmospheric aerosols. In
addition, the direct characterisation of DRH and CRH values and of their characteristic
seasonal trends evidenced that the temporal and spatial heterogeneity of the chemical
composition of particles results in different effects of particles at different times of the

year and in different sampling sites.

A future development of this part of the work is represented by the direct observation of
deliquescence and crystallisation processes of aerosol particles deposited on materials of
interest (e.g. stone porous materials, printed circuit boards assemblies). The aim would
be that of observing the effects triggered by the phase changes and by the water
absorption of aerosol particles directly on surfaces of interest. The work of by D’Angelo
(2016)'" and Casati (2016)'® lays the foundations for this future applications by
proposing standardised aerosol sampling techniques on non-filtering substrate.

A comparison of the measured deliquescence relative humidity with simulations from E-
AIM Model was performed, giving the ionic fraction and the carboxylic acids quantified
compositions as an input to the model. It was interesting that the overall seasonal trends
experimentally individuated were reproduced by the calculated DRH values from E-AIM
Model, even though the ionic fraction given as an input to the model represents only up
to ~40% of the overall PMys aerosols mass. However, a bias of 5% RH in the DRH
frequency distribution plots and a very limited point-to-point agreement between
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modelled and experimental data were evidenced. These results indicated that the driving
force of deliquescence are the ionic components but also that the individuated
discrepancies are most likely due to the unaccounted hygroscopic properties of other

organic species in the analysed aerosol samples.

In the second part of this work, a single particle technique was proposed for the
quantification of the equilibrium hygroscopic properties of atmospherically-relevant
aerosol components. Generally speaking, single particle techniques present the advantage
of observing an isolated confined particle within a controlled environment, so that its
behaviour can be decoupled from the particle-particle interactions that complicate
ensemble measurements. In addition, measurements in the aerosol phase allow to
evaluate the properties of particles in superasaturated conditions that cannot be

investigated with bulk measurement techniques.

The concentric cylindrical electrodynamic balance (C-EDB) experimental setup and the
comparative kinetics approach presented in Chapters 5 and 6 lay their foundation in the
work of Davies et al.”!*, Electrodynamic trapping allows single charged droplets to be
confined within an electrical field and the concentric cylindrical electrodes setup assures
that the confinement of droplets is fast and tight. The equilibrium hygroscopic properties
of droplets were retrieved from comparative evaporation kinetics experiments of probe
and sample droplets. The evaporation rate of a pure water or of a NaCl solution droplet
is measured and interpreted by means of a literature evaporation kinetics model by
Kulmala et al. (1993)" for the estimation of the gas phase RH within the trapping
chamber. The same model is then applied to sample droplets evaporation profiles to
retrieve their equilibrium hygroscopic properties using the gas phase RH determined from

probe droplets.

This previously developed technique was widened and validated for its application to a
wider RH range, from 50% RH up to values close to saturation (>99%). With this
respect, the limitations of the applied literature kinetics model needed to be taken into
account and, in order to retrieve the hygroscopic properties over the desired RH range
and overcome these limitations, evaporation kinetics measurements on binary and
ternary mixtures were performed at multiple RHs. The proposed approach was
successfully validated by means of measurements on well-characterised inorganic
compounds (NaxSO4, (NH4)2S0,, NaNO;, NaCl) and ternary mixtures of ammonium
sulphate and sodium chloride, which were compared with E-AIM Model simulations. One
of the key features of the comparative evaporation kinetics approach for the
determination of the equilibrium hygrosfcopic properties of single particles is that water
activity values close to saturation can easily and accurately be characterised. This aspect
is of great importance for a better constraint of the hygroscopic properties of aerosols in
the estimation of their activation as cloud condensation nuclei.
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In Chapter 7, the comparative kinetics technique on single particles levitated in the C-
EDB was used for the characterisation of the hygroscopic properties of a first class of
mixed inorganic-organic aerosol systems, aminium sulphates. These organic salts are the
products of the reaction between sulphuric acid and methyl and ethyl amines and have
been detected in atmospheric aerosols. Variable trends in the hygroscopic properties of
the six analysed aminium sulphates were individuated depending on the used
representation of their water uptake. This result evidenced that the different ways of
representing the hygroscopicity of aerosols (on a size or molar basis, in this case) provide
different points of view on the water uptake of aerosols. In addition, the obtained data
on the hygroscopic properties of aminium sulphates were compared to different literature
studies that investigated this class of compounds and the found discrepancies were
discussed with reference to the different applied experimental approaches. This
comparison also represented a further test for the proposed analytical technique, since all
the possible artefacts deriving from potential uncertainties in the applied density and
refractive indices parameterisations and possible evaporative losses of other chemical
species besides water were investigated.

The extended comparative kinetics approach in a C-EDB proposed in this work
represents a promising tool for the accurate characterisation of the hygroscopic properties
of atmospheric aerosol components and their mixtures. In the future, this technique can
be applied for the investigation of aerosol systems of atmospheric interest (such as
multifunctional organic compounds and mixtures of organic and inorganic species), in
order to provide accurate data for the improvement of the hygroscopicity
parameterisations in current aerosol thermodynamics models.
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