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Abstract
Atmospheric aerosols are very small liquid or solid droplets which are suspended
in a gas. They are present in our atmosphere in great numbers (103 particles per cm3 in
unpolluted rural environments). They represent a substantial source of uncertainty in
climate models and influence human health, atmospheric reactivity and visibility. Field
studies have shown that mixed organic-inorganic aerosols are abundant in the
atmosphere. Mixed aerosols undergo phase transitions between aqueous and crystalline
phases, called efflorescence and deliquescence. By examining laboratory prepared mixed
droplets in a temperature and humidity controlled flow cell, these phase transitions were
observed optically.
We studied the efflorescence properties of mixed citric acid-ammonium sulfate
particles as a function of temperature to better understand the efflorescence properties of
mixed organic-inorganic particles in the middle and upper troposphere. Data at 293 K
illustrates that the addition of citric acid decreases the efflorescence relative humidity
(ERH) of ammonium sulfate, which is consistent with the trends observed with other
systems containing highly oxygenated organic compounds. At low temperatures the trend
is qualitatively the same, but efflorescence can be inhibited by smaller concentrations of
citric acid. For example at temperatures < 250 K an organic/(organic+sulfate) mass ratio
of only 0.333 is needed to inhibit efflorescence of ammonium sulfate. In the upper
troposphere the organic/(organic+sulfate) mass ratio can often be larger than this value.
We also studied phase transitions in ammonium sulfate-3-hydroxy-4-methoxymandelic acid (HMMA) systems. These systems showed similar trends in deliquescence
and efflorescence to the citric acid case, but also underwent phase separations at an RH of
approximately 77%. Again, low temperatures inhibited phase transitions.
It is believed that the inhibition of efflorescence and phase separation stems from
either an increase in viscosity or the formation of an organic glass, this is investigated
using classical nucleation theory and DSC measurements.
These studies imply that particles in the upper troposphere may be less likely to
form or remain in the crystalline state than previously thought and that solid ammonium
sulfate may be less likely to participate in heterogeneous ice nucleation in the upper
troposphere. Additional studies are required on other model organic systems.
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1 Atmospheric Aerosols and their Properties
1.1

Atmospheric aerosols and their properties

Aerosols are suspensions of solids, liquids or mixtures of the two within a gas.
Within the body of atmospheric literature, the term ‘aerosol’ is often used to describe just
the particles, rather than the full suspension. Atmospheric aerosols are ubiquitous
throughout the atmosphere with number concentrations from 103 particles/cm3 in rural
regions to as high as 108 particles/cm3 in highly polluted urban environments1. These
aerosols cover a wide size range, from <10 nm to ~100 µm, which is divided into two
broad categories; coarse particles (>2.5 µm) and fine particles (<2.5 µm). In general
coarse and fine modes have both different compositions and lifetimes. The distinction
between different categories of aerosols is further examined in Figure 1.1, which shows
several different modes based observed distributions during field studies.
Figure 1.1 shows measurements of atmospheric particles according to three
different parameters; absolute number, surface area and volume. Analysis according to
these varied parameters shows that no individual measurement provides a complete
picture of aerosol size distribution. The absolute number measurements provide an
excellent measure of very fine particles, but fail to account for a relatively small number
of larger particles. Similarly, measurements of volume are biased to recognize the most
massive particles. Thus, by measuring a variety of parameters a complete picture of
aerosol’s size distribution can be developed. The different modes stem from a wide the
variety of sources and sinks.
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Figure 1.1: Atmospheric particle distributions by size, representative of typical urban
distributions. Different panels represent different measurement parameters, which
highlight different aerosol regions of interest. Different line styles represent different
aerosol modes: aitken (solid), accumulation (dashed), coarse (dotted) and the sum of all
three (dash-dot)1,2.
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1.1.1 Sources and sinks
Aerosols enter and leave the atmosphere in a variety of ways. Primary particles
are emitted directly into the atmosphere. Examples of this include fine dust particles
carried by wind or soot particles emitted during combustion. In contrast, other particles
are produced by condensation of low volatility gases which are formed by photochemical
reactions. These particles are called secondary aerosols.
The coarse particles shown in Figure 1.1 are mainly primary particles. These
particles are produced largely by mechanical means and tend to settle from the
atmosphere quickly, although recent work has shown that long range, intercontinental
transport does occur under some conditions1.
Fine particles are composed of a mixture of primary and secondary particles, the
relative abundance of each depends on the region. Very small particles in the aitken
nuclei mode, ranging from 10 to 80 nm, are formed by condensation of non-volatile or
semi-volatile vapour. These droplets will coagulate with other particles, growing in size
until they are ~ 1 µm. This growth by coagulation consumes smaller particles and creates
the accumulation mode. Both the aitken nulei and the accumulation modes contain a large
fraction of organic and inorganic compounds. The ultrafine mode was discovered as
aerosol detection techniques improved. This mode consists of particles smaller than
10 nm and is of particular interest to researchers due to health effects3.
The different modes have different removal methods as well as varied sources.
Coarse mode particles are generally massive enough to be influenced strongly by gravity
and will settle out in hours to days. Particles in the accumulation mode are longer lived,
and will survive for days to weeks prior to removal by precipitation or sedimentation.
Finally, aitken mode particles are consumed very quickly by coagulation: the residence
time of these particles is usually less than an hour. A summary of the different aerosol
modes, their sources and sinks is provided in Table 1.1.
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Table 1.1: Aerosol properties, sources and sinks for different modes4,5.
Size

Sources

Sinks

Aitken mode
0.01 to 0.08 µm
-Combustion
-Condensation of
semivolatile organics
-Photochemical
reactions producing nonvolatile organics
-Coagulation
-Capture by cloud
particles

Residence
< 1 hour
Time

Accumulation mode
~1 µm

Coarse mode
>2.5 µm

-Combustion (soot and
ash)
-Windblown dust
-Coagulation of Aitken
-Industrial emissions
nuclei
-Biological particles
-Cloud aerosol evaporation
-Precipitation
-Sedimentation (minor)

-Precipitation
-Sedimentation

Days to weeks

Hours to days

The research in this thesis focuses on larger particles of ~10 µm containing a
mixture of organic and inorganic components. The composition of these particles is
similar to particles in the accumulation mode, although larger due to limitations within
our experimental apparatus.

1.1.2 Composition
The myriad of sources and reactions leading to typical atmospheric aerosols often
leads to very complex composition1. Components of aerosols also tend to change with
particle age, many organics become oxidized or react photochemically over time6-8. Both
inorganic and organic components exist within typical atmospheric aerosols. The
inorganic components have been relatively well characterized and consist mainly of
sulfate, nitrate, chloride, ammonium and sodium9. The organic fraction of aerosols is
much more complex and hundreds or thousands of different compounds have been
identified as components. These compounds cover an extremely broad range of
functionality, including carboxylic acids, alcohols, and polycyclic aromatic hydrocarbons
(PAH)10. A significant amount of the organic fraction is also water soluble11. The relative
quantities of each component vary substantially with location and sources, the organic
fraction accounts for 18-70% (by mass) while sulfate (10-67%) and ammonium (6.919%) also make up substantial fractions of particle mass 9. Atmospheric particles can also
contain a variety of refractory components, including several types of mineral dust and
soot particles.
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A summary of fine particle compositions for urban (Figure 1.2) and rural
continental (Figure 1.3) areas is provided below. These figures are adapted from a
comprehensive field review by Zhang (and studies therein)9.
Urban

Sulfate
Nitrate
Ammonium
Chloride
Organics

Figure 1.2: Average composition of aerosols from urban sites from Zhang et al9. Average
loading is 17 µg/m3 (though extreme cases are much higher, Beijing’s measurements
show aerosol loadings of 72 µg/m3).
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Rural

Sulfate
Nitrate
Ammonium
Chloride
Organics

Figure 1.3: Average composition of aerosols from a variety of rural sites from Zhang et
al9. Average loading is 8.2 µg/m3, though some measurements are much lower.
The previous figures apply to ground level aerosols. As the altitude changes so
does the composition of aerosols. Froyd and Murray12 investigated particle composition
at a range of altitudes up to the lower stratosphere. The ratio of organic to organic +
sulfate ranges between 0.3 and 0.8 in the troposphere, with a wider range observed below
5 km. This observation underlines the importance of investigating sulfate-organic
mixtures, especially at temperatures and mass fractions relevant to the upper troposphere
and stratosphere.
An additional consideration which is important when considering a group of
atmospheric aerosols is the mixing state. Early field studies investigated aerosol
components using various off-line analysis methods on filters13. In these experiments it
was not clear whether individual particles contain all components (are internally mixed)
or whether the particles are pure components and the measurements simply reflect the
ratio of components (called external mixing)14-16. Figure 1.4 illustrates the difference
between internal and external mixing states. Refinement of field study measurements
using individual particle mass spectrometry has shown that many particles are internally
6

mixed, emphasizing the importance of studying mixtures in addition to individual
component aerosols.

Externally Mixed

Internally Mixed

Figure 1.4: The different colours represent different components. The left panel shows a
group of externally mixed aerosols while the right shows internally mixed aerosols.

1.2

Motivation for studying aerosols

Aerosols play a large role in human health17, environmental policy3,17,
atmospheric reactivity18,19, visibility20 and climate21. The health effects associated with
aerosols have been shown epidemiologically3,22,23 and are due mainly to small (<1 µm)
particles which get trapped deep in the respiratory system causing a wide range of health
issues; from allergic reactions to cardiovascular diseases. The visibility effects associated
with aerosols are caused by the scattering of light. Particles between 0.1 and 1 µm are
responsible for the majority of atmospheric visibility reduction, because within this size
range Mie scattering is most efficient20. In air with no particles or absorbing gases
visibility could easily exceed 100 km, the visibility decreases rapidly as aerosols are
introduced. Concentrations of 100 µg/m3 have significant effects on visibility; an air mass
with this concentration of particles (0.5 µm diameter) would reduce the visibility of
otherwise clean air to just below 10 km20.
Aerosols also have a substantial impact on the global radiation budget. By
reflecting and/or absorbing incoming and outgoing radiation, aerosols can strongly
influence the heating or cooling of the planet. The direct aerosol effect describes the
7

scattering and absorption by the particles themselves, dependent on particle size,
composition and morphology. The indirect effect describes the ability of a particle to act
as a cloud condensation nuclei (CCN) or ice nuclei (IN). The clouds formed in this way
can then have additional effects on radiation. These two effects are the largest source of
uncertainty in atmospheric models and climate predictions21.
Atmospheric chemistry can also be influenced by the presence of aerosols. A
tropospherically relevant case is the hydrolysis of N2O5, which has been shown to be
most efficient on liquid droplets18,19. The variety in the aerosol impacts underlines the
multidisciplinary nature of this field and highlights the relevance of ongoing research.

1.3

Overview of work

This work investigates phase transitions of mixed inorganic-organic aerosols at
low temperatures. Three phase transitions are investigated; efflorescence, deliquescence
and liquid-liquid separation. Efflorescence is the formation of a crystalline particle from
an aqueous droplet. Deliquescence, the reverse process, is the formation of an aqueous
droplet from a crystalline particle. Finally, liquid-liquid phase separation is the formation
of two liquid phases in a previously homogeneous liquid droplet. These phase transitions
are believed to influence a wide range of particle characteristics, including diameter,
composition, ice nucleating ability and optical properties. The mechanism and physical
chemistry involved in these processes is investigated in greater detail in the following
chapters.
Chapter 2 will provide an overview of the physical chemistry underpinning the
phase transitions investigated in this work. Chapter 3 provides a description of the
efflorescence and deliquescence behaviour of citric acid and ammonium sulfate mixtures.
Chapter 4 investigates the phase transitions of mixtures of 4-hydroxy-3-methoxy
mandelic acid (HMMA) and ammonium sulfate. Finally, Chapter 5 will provide an
overview of the research findings, conclusions and suggestions for future work.
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2 Background and Theory
This thesis focuses primarily on three different phase transitions, liquid-liquid
phase separation, efflorescence and deliquescence. The composition and temperature of
aerosols greatly influences these phase transitions and thus, the physical state of the
particle. This section examines efflorescence, deliquescence and liquid-liquid phase
separation, focusing on binary or ternary systems. These systems are simplified examples
of the complex mixtures which have been observed in the atmosphere but are useful as
first steps toward understanding phase transitions in atmospheric aerosol particles.
The phase of the particle (i.e. liquid, solid, or mixtures of these) depends strongly
on the water content of the aerosols and the water vapour immediately surrounding them.
There are several different ways to quantify the amount of water vapour; relative
humidity (RH) will be used throughout this thesis and is defined as
RH ( T )
Pw
=
,
100%
Pw sat ( T )

(2.1)

where Pw is the partial pressure of water vapour in the gas, Pw sat (T) is the partial pressure
of water vapour over bulk water at temperature, T.

2.1

Efflorescence

Consider an aqueous particle containing a mixture of ammonium sulfate and
liquid water, surrounded by a gas of known RH. As the RH is lowered, the particle will
release water to remain in equilibrium with the surroundings and the diameter of the
particle will change accordingly. Eventually, at a low RH (between 30% and 40% for
ammonium sulfate), the dissolved salt will crystallize and the remaining aqueous water
will be driven into the gas phase. This transition is known as efflorescence and occurs at
the efflorescence relative humidity (ERH). It can be characterized by a sudden decrease
in particle diameter (it can also be detected by changes in visible light scattering or
spectroscopically). Figure 2.1 illustrates efflorescence for a typical ammonium sulfatewater mixture. The amount of aqueous water can be used to describe particle growth due
to water uptake, values in this figure are obtained from the AIM thermodynamic model2427

.
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Figure 2.1: The hysteresis effect of ammonium sulfate-water mixtures is shown by the
difference between efflorescence and deliquescence. Deliquescence is described in
further detail in Section 2.3. Data modeled using e-AIM27 for a binary system of
ammonium sulfate and water at 293 K.

2.2

Classical nucleation theory:

Efflorescence behaviour can be better understood using classical nucleation
theory (CNT). Under typical conditions, formation of an active nuclei of the salt is much
slower than growth of the salt crystal inside an aerosol. Thus nucleation is the rate
limiting step in most atmospheric aerosols. Here efflorescence and CNT is discussed
using an ammonium sulfate-water system as an example. In this case only ammonium
sulfate (the inorganic salt) can effloresce. Additional information and complete
derivations are available in these references28-30 with the bulk of the original theory
described by Volmer31, Gibbs32 and Becker and Doring33.
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The central idea of CNT is that within a liquid body, a number of molecules
spontaneously arrange into an ordered, very small embryo, which can initiate crystal
growth. The formation of this stable embryo is an energy intensive process and many of
the rearrangements in the liquid will not lead to a nucleation event, instead redissolving
into the bulk liquid phase. It is helpful to discuss the formation of embryonic clusters in
terms of the change in Gibbs free energy (∆G). The total change in free energy for the
formation of an embryo is a combination of the energy gained by the new bulk phase,
represented by ∆Gv and the energy required to form a new interface between the bulk
liquid and newly created phase, ∆Gs. This can be represented by
∆G = ∆GV + ∆GS ,

(2.2)

where

(

4
∆GV = πr 3 µ solid − µ aqueous
3

)

(2.3)

and

∆Gs = 4πr 2 γ

(2.4)

and γ is the interfacial surface energy between the embryo and bulk, µsolid is the chemical
potential of the embryo and µaqueous is the chemical potential of the surrounding bulk
liquid. It is important to note that µaqueous > µsolid so the ∆Gv will be negative.
∆Gv is proportional to the cluster volume (r3) and negative, while ∆Gs is
proportional to the cluster surface area (r2) and positive. It is possible to calculate the
critical radius of an embryonic cluster (rcrit) and the change in free energy associated with
the creation of a nucleus of critical size (∆Gcrit), which can be interpreted as the energy
barrier to nucleation. Figure 2.2 has a qualitative representation of this behaviour.
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∆G

∆G crit

0
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∆G v
∆G (total)
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Radius

Figure 2.2: Change in Gibbs free energy for formation of a crystalline embryo, ∆Gcrit is
the energy barrier to form a nucleus of critical radius rcrit.
The change in free energy to create a nucleus of critical size (∆Gcrit) is generally
expressed in terms of supersaturation of the crystallizing phase using the Gibbs-Thomson
relationship. The final form of the equation is

∆Gcrit =

16nπγ 3ν 2
,
3( kT ln S ) 2

(2.5)

where γ is the interfacial tension of the cluster, ν is the molecular volume, S is the
supersaturation of the crystallizing component, n is the total number of ions for a
dissociating compound (n = 3 for ammonium sulfate, n = 1 for non-electrolytes) and k is
the Boltzmann constant. The supersaturation term represents a ratio between the
concentration and the saturated concentration. “Saturated” is the point where the salt
would crystallize thermodynamically if there were no kinetic barriers; this is highly
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temperature dependent. Since the crystallizing component is metastable (since it is
supersaturated), the concentration exceeds the saturated concentration. Finally,
expressing the concentration in terms of the activity coefficient makes using results from
theoretical models easier. S is defined for dissolved ammonium sulfate as

S=

(a

2
2
a NH
M NH
a SO4 M SO4
4
4
2
NH 4

2
M NH
a SO4 M SO4
4

)

,

(2.6)

sat

where an is the activity coefficient of component n (this is sometimes represented by γ in
the literature, but since that term represents interfacial energy we have selected a), Mn is
the molarity of component n and the subscript sat represents the saturation case.
Once ∆Gcrit is known it is a simple matter to calculate the rate of nucleation using
the Arrhenius equation,

 ∆Gcrit 
J = A exp −
,
 kT 

(2.7)

where J is the rate of nucleation and A is a pre-exponential factor. Thus the total rate of
nucleation can be described as.
 16πγ 3ν 2
J = A exp
3 3
2
 3( k T (ln S )


 .


(2.8)

This relationship has been applied to several efflorescing systems34,35 and is used
in Chapter 3 with an additional modification to address higher viscosities. It should be
noted that it is only valid for systems where the crystal growth is much faster than
nucleation, however this is generally true.
Until this point, the discussion has focused exclusively on a binary (waterinorganic) example, however, CNT can be extended to multi-component aerosols. One
important factor in studying complex aerosols is whether all of the components will
effloresce; in the case where several different components of a solution will effloresce
independently, the earlier nucleating compounds can heterogeneously nucleate other
crystal phases (this occurs in KCl and NaCl mixtures for example)36. In the experimental
studies which make up this thesis, we focus on ternary systems containing ammonium
sulfate-water and one organic. The organics selected for these studies did not
efflorescence in the experiments, so the only efflorescing species was ammonium sulfate.
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The equations presented above are generally applicable to the systems studied, however,
values for the constants are often difficult to obtain.

2.3

Deliquescence

Deliquescence is the sister process to efflorescence, in that it represents the shift
from a crystalline aerosol to an aqueous one. Recall Figure 2.1, which again considers a
two component water-ammonium sulfate system. As the crystalline particle was exposed
to increasing RH, the particle experiences no growth until a specific RH (~80%) and then
suddenly increases dramatically in size due to water uptake. This phase transition is
deliquescence and the humidity where it occurs is labeled the deliquescence relative
humidity (DRH). Following this transition, the aqueous particle remains in equilibrium
with the surrounding RH.
In order to understand why a crystalline particle deliquesces it is again useful to
consider the Gibbs free energy of the system. According to thermodynamics, a system
prefers to exist in the state with the minimum Gibbs energy. For the crystalline salt, the
free energy G(NH4)2SO4,solid, is constant but this is not true of the aqueous salt solution,
G(NH4)2SO4,aqueous. The Gibbs free energy of an aqueous ammonium sulfate solution
depends on the activity of the salt in solution. At higher RH values the solutions becomes
more dilute and the (NH4)2SO4 activity is reduced, lowering G(NH4)2SO4,aqueous. At the DRH
the two energies are equal and at any RH exceeding the DRH G(NH4)2SO4,aqueous <
G(NH4)2SO4,solid, this results in the formation of the solid shown in Figure 2.3. It follows that
when the RH < DRH, then G(NH4)2SO4,aqueous > G(NH4)2SO4,solid.
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Figure 2.3: Gibbs free energy of an aqueous solution and solid salt as they vary with RH.
At the DRH the energy of both states is equal (data from Seinfeld37).
Figure 2.3 highlights a subtle but extremely important difference between
efflorescence and deliquescence. As discussed above, efflorescence is limited by the
nucleation rate while deliquescence will generally occur as soon as it is
thermodynamically favourable to do so. This difference leads to a hysteresis effect and
has significant impacts on the physical state of atmospheric particles.
This discussion of a binary inorganic-water system applies equally well to a three
component system, like those studied in this thesis (water-ammonium sulfate-organic). In
the event that only one component deliquesces (as in our experiments), the remaining
component(s) still influence water uptake38. Typically additional hygroscopic compounds
will begin to uptake water earlier and more gradually, Figure 2.4 provides an example of
15

this behaviour. This behaviour can be contrasted with the less gradual behaviour of a
binary water-inorganic system shown in Figure 2.1.
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Figure 2.4: The addition of non-efflorescing organic components prompts earlier, more
gradual water uptake relative to pure ammonium sulfate. Data obtained from an
ammonium sulfate-organic-water mixture using e-AIM27.

2.4

Liquid-liquid phase separation and salting out effects

Phase separation in atmospheric aerosols has not been explored in the same detail
as efflorescence and deliquescence. Marcolli and Krieger39 first demonstrated this class
of phase transitions, although the idea that atmospheric aerosols may separate into an
aqueous and organic phases predates this observation40-42. The formation of separate
liquid phases in aerosols is related to the miscibility of the components. Early models of
atmospheric behaviour (such as the AIM model developed by Clegg, Seinfeld and
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Briscomb24) accounted for two liquid phases by assigning an aqueous and organic
fraction with little mixing in between. This approach has been refined to allow detailed
interaction and balancing of both phases with vapour and/or solid components as the
models matured25,26.
However, as investigated by Marcolli et al.39,43 the addition of salt(s) to an
organic-water solution influences the activity of all components and thus, their
miscibility. The addition of a salt can increase a component’s solubility, called “salting
in”, or decrease a component’s solubility, called “salting out”44,45. These effects are well
known in a variety of systems but had not previously been investigated in
atmospherically relevant systems.
The salting in and out effects of electrolytes within liquid solutions has been
studied extensively46. Several theories exist which adequately explain specific cases but a
general explanation remains elusive. The complexity arises because there is substantial
variety in the important interactions involved. These include interactions between species
as well as self-interactions (eg. a water molecule interacting with other water molecules).
Each of these interaction effects changes depending on the concentrations and properties
of every component in solution, so extrapolation to complex systems can be difficult.
The salting out model which has been used to discuss atmospherically relevant
systems in the literature is known as the hydration model43. The hydration model predicts
that the salt ions interact preferentially with water (especially if the organic is nonpolar).
As the amount of water decreases at lower RH there is not enough water to completely
dissolve both the organic and salt ions, so the water and ions continue to interact while
the organic phase separates and self-associates. This model is sufficient to explain the
interactions observed to date, but may fail to account for differences in electrolytes and
can not explicitly account for salting in effects.

2.5

Glass formation

A growing body of recent work has proposed that atmospheric aerosols may exist
in a glassy, amorphous solid form. Glass transitions have been investigated in great detail
for food applications, polymer systems and natural systems, but have only recently been
discussed in terms of atmospheric implications.
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Briefly, glass formation (also called vitrification) is a second order phase
transition where a supercooled liquid is kinetically trapped into an amorphous solid phase
rather than crystallizing into a solid with long range order. This is illustrated in Figure
2.5, and it is worth noting that the formation of a glass is never the most
thermodynamically stable configuration. The reason that glass formation occurs in
systems is that the system cools too rapidly for a long range order to form29. This occurs
when either the cooling rate is fast or the viscosity of the system is high.
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Figure 2.5: The thermodynamics associated with the glass transition are connected to
temperature. As temperature decreases a stable liquid will either crystallize or remain a
metastable liquid, eventually forming a glass. Tm is the melting temperature and Tg is the
glass transition temperature.
The glass transition temperature is generally measured by differential scanning
calorimetry (DSC), an experimental process where the heat flow required to keep both a
18

sample and reference at a controlled temperature is measured. Further discussion of the
applicability of glass transitions to atmospheric aerosols is given in Chapter 3.
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3 Inhibition of Efflorescence in Citric Acid-Ammonium
Sulfate Particles < 250 K
3.1

Introduction

Measurements show that both organic and inorganic material are abundant in
atmospheric aerosols9, with the ratio of organic species to inorganic material depending
on location, aerosol source and season. In addition, single particle measurements suggest
that the dry organic mass fraction, organic/(organic+sulfate), in the upper troposphere
ranges from 0.3 to 0.8 with more variation below 5 km. There is also abundant data from
single particle measurements that show that organic and inorganic material are often
internally mixed in the same particle12,16,47. These internally mixed organic-inorganic
particles can undergo a range of phase transitions including deliquescence and
efflorescence.
Efflorescence occurs when an aqueous aerosol is exposed to a low relative
humidity and the inorganic and/or organic components crystallize. The reverse process is
deliquescence, where a crystalline particle exposed to a high relative humidity takes up
water to form an aqueous droplet. Deliquescence is thought to be a thermodynamically
controlled process and occurs at a higher relative humidity than efflorescence. Between
the deliquescence relative humidity (DRH) and efflorescence relative humidity (ERH) is
a metastable region where particles can be crystalline, partially crystalline, or aqueous
droplets, depending on their history. Recent work has shown that in most cases the
organic component in the mixed organic-inorganic particles will not effloresce since the
concentration of any one organic species is small48. The inorganic component, however,
can deliquesce and effloresce.
Understanding and predicting the deliquescence and efflorescence properties of
mixed organic-inorganic particles may be important for several reasons. For example,
laboratory studies have shown that N2O5 hydrolysis is more efficient on aqueous
deliquesced particles compared to effloresced particles18,19. In addition, effloresced
particles are smaller than the corresponding deliquesced particles and have different
optical properties47,49. Modelling studies suggest that the hysteresis effect of sulfate can
change the direct effect by as much as 16%50.
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Recently, several studies have focused on the deliquesce and efflorescence of
mixed organic-inorganic particles34,35,48,51-63. To date, however, most of these studies
have focused on temperatures around 293 K, and there has only been one study of the
efflorescence properties of mixed organic-inorganic particles at temperatures less than
273 K64. While room temperature studies are useful for understanding the phase
properties of atmospheric aerosols in the lower troposphere, information on the
temperature dependence of these phase transitions are still needed for predicting the
deliquescence and efflorescence properties of aerosol particles in the middle and upper
troposphere. In the following we have investigated the efflorescence properties of mixed
organic-inorganic particles at temperatures down to 233 K.
Low temperature ERH measurements may be especially important for predicting
ice nucleation in the troposphere. Deliquesced particles (free of foreign nuclei such as
mineral dust) can only form ice by homogeneous nucleation, whereas effloresced
particles can potentially act as heterogeneous ice nuclei64-69. It has been shown that
effloresced ammonium sulfate particles can act as good heterogeneous ice nuclei under
certain conditions. These effloresced ammonium sulfate particles may compete with
other effective ice nuclei in the atmosphere, and as a result, they could play an important
role in climate and the aerosol indirect effect67. Closely related to the above, Jensen et
al.70 examined the properties of cirrus clouds at low temperatures in the tropical
tropopause layer (TTL) and concluded that ice number concentrations, ice crystal size
distributions and cloud extinctions were inconsistent with homogeneous nucleation. The
authors suggested heterogeneous ice nucleation on effloresced ammonium sulfate
particles as a possible mechanism to explain the in situ and remote-sensing
measurements. Froyd et al.71 also suggested heterogeneous ice nucleation on effloresced
ammonium sulfate particles as a possible mechanism to explain the composition of
residual particles from evaporated cirrus ice crystals near the TTL. This mechanism
assumes that mixed organic-inorganic particles will effloresce in the TTL or upper
troposphere.
There is some data that suggest that the efflorescence properties of mixed organicinorganic particles may be different at low temperatures compared to 293 K. Studies by
Mullin and Leci72,73 more than 40 years ago have shown that the rate of nucleation in
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concentrated citric acid aqueous solutions decreases at temperatures of 273 K72, possibly
due to an increase in viscosity at lower temperatures. The rate of efflorescence of mixed
organic-inorganic particles may decrease at lower temperatures due to an increase in
viscosity as well. In addition recent studies have shown that aqueous organic
components74,75 and aqueous organic-inorganic75 particles can form glasses under
atmospherically relevant conditions76. The formation of glasses should limit
efflorescence. On the other hand, Wise et al.64 studied mixed palmitic acid-ammonium
sulfate particles at temperatures down to 245 K and found that insoluble palmitic acid had
little effect on the efflorescence properties of ammonium sulfate.
In the following we study the efflorescence properties of mixed citric acidammonium sulfate particles as a function of temperatures. Citric acid (COOH-CH2COH(COOH)-CH2-COOH, Molar Weight: 192.12 g/mol) contains three carboxyl groups
(-COOH) and an alcohol group (-OH) and exists in the atmosphere in small quantities11.
We also investigated the glass transition temperatures of mixed citric acid-ammonium
sulfate solutions using a Differential Scanning Calorimeter (DSC) in order to relate
efflorescence limitation to glass formation of the particles. Citric acid has recently been
used as a model system to represent oxygenated organics in the atmosphere74,76. Also
aqueous solutions of citric acid often form glasses at low temperatures77,78. Ammonium
sulfate was chosen for these studies since it is an important inorganic species in the
atmosphere. Also, for the conditions studied by Jensen et al.70 discussed above, the
sulfate was fully neutralized to ammonium sulfate, which was recently supported by
single particle mass spectrometer data taken at the tropical tropopause71.

3.2

Experimental

The technique used to study efflorescence has been described in detail
elsewhere35,58,79. A brief overview is provided here with a focus on details specific to the
current experiments. The system consists of an optical microscope (using polarized light)
coupled to a temperature controlled flow cell. The bottom surface of the flow cell is a
hydrophobic glass slide upon which the particles of interest are deposited and observed.
Relative humidity in the cell was controlled by a continuous flow of a mixture of humid
and dry N2. Typical flow rates were approximately 1.5 L/min.
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Efflorescence experiments were conducted at five temperatures ranging from 293
K to 233 K. During experiments the particles were first deliquesced by exposing them to
an RH close to 100%. Next the humidity was reduced to approximately 50% RH in one
step and then decreased by approximately 0.1 %RH/min for the remainder of the
experiment. During the experiments, images were taken every 15 seconds by a camera
coupled to the microscope. Particles ranged in size from 5-30 µm in diameter. For each
particle, the efflorescence relative humidity (ERH) was considered to be the first
appearance of solid in the particle, even if the particles appeared only partially
crystalline.
Ammonium sulfate (Fisher, 99.8%) and citric acid (Sigma-Aldrich, 99+%) were
used as supplied. Bulk mixtures were prepared gravimetrically and dissolved in millipore
filtered water (18.2 MΩ). To prepare the particles the solution was passed through a
nebulizer to produce submicron particles. These particles were directed towards a
hydrophobic glass slide where they coagulated into supermicron droplets.
The compositions of particles and/or solutions are typically reported in dry mole
fraction citric acid. This dry mole fraction is calculated as

n CA
,
(3.1)
n CA + n AS
where XCA, dry is the mol fraction of citric acid in a dry (containing no water) particle or
X CA , dry =

solution, nCA is the moles of citric acid and nAS is the moles of ammonium sulfate. Keep
in mind, however, that this does not imply the particles and solutions are completely dry.
This nomenclature is used since it is a convenient method for representing the citric acidto-ammonium sulfate ratio in particles and solutions.
Glass transition temperatures of different citric acid-ammonium sulfate-water
solutions were performed in a commercial DSC (TA instruments Q10). In one set of
experiments, the mass fractions of the total solutes (citric acid and ammonium sulfate)
varied between 0.603 and 0.7916, whereas XCA,dry stayed constant at 0.7. In the second
set of experiments, the total mass fraction of solutes was kept at roughly 0.6, whereas the
XCA,dry was changed. All experiments were performed with bulk samples. Ammonium
sulfate (Fluka, >99.5%) and citric acid (Fluka, >99.5%) were used as supplied. The glass
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transition temperatures were determined as the onset of the heat signal in the heating
cycle, and have accuracy in the absolute temperature of ±0.9 K75.

3.3

Results

3.3.1 ERH of pure ammonium sulfate (XCA,dry = 0.0) vs.
temperature
Prior to studying mixed organic-inorganic particles, we studied the efflorescence
properties of pure ammonium sulfate particles as a function of temperature. This
provided a reference point for the mixed organic-inorganic particles, as well as a way to
validate our system for low temperature studies.
Measurements shown in Figure 3.1 (solid symbols) are our results for pure
ammonium sulfate particles. The solid symbols refer to the average ERH. Since
efflorescence is a stochastic process, all the particles did not effloresce at the same RH
even for the same temperature. The error bars represent a combination of the range over
which 95% of the particles efflorescence (2σ) as well as the uncertainty from measuring
the relative humidity. The data suggest that efflorescence of ammonium sulfate between
293 K and 233 K is relatively insensitive to temperature; this trend follows closely the
temperature trend for deliquescence of ammonium sulfate, which only varies by roughly
4% RH over 50 K36. Also included in Figure 3.1 are results from other groups that have
studied the same temperature range. The previous studies include a range of different
techniques including an electrodynamic balance (EDB)80 where a particle is suspended in
an electric field and aerosol flow tubes81,82 where the particles are suspended in a gas
flow. The good agreement between our measurements and previous measurements where
particles were not in contact with a surface suggests that the hydrophobic support in our
experiments do not significantly affect our efflorescence results, a conclusion that is
consistent with previous studies from our laboratory34,35,83 and other groups60,84.
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Figure 3.1: Measurements of the efflorescence of pure ammonium sulfate as a function of
temperature. Filled squares are this study, unfilled symbols represent these references8082,85-88
.

3.3.2 ERH of mixed ammonium sulfate-citric acid particles at
room temperature
Shown in Figure 3.2 are our results for mixed ammonium sulfate-citric acid
particles at room temperature. Similar to Figure 3.1, the symbols represent the average
efflorescence relative humidity. For experiments where more than 20 particles were
observed at a given concentration, the error bar corresponds to ± 2σ for the results as well
as the uncertainty of the hygrometer(~1.1%). In cases where less than 20 nucleation
events were observed the error bars correspond to ± 7.8%. This is a conservative estimate
based on the maximum 2σ observed in our experiments where more than 20 nucleation
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events were observed. Our results illustrate that the addition of citric acid slowly
decreases the ERH of ammonium sulfate in the particles. At 0.25 mole fraction the
decrease is approximately 10% RH. At 0.3 mole fraction the particles did not effloresce
at all, even when exposed to our system’s minimum RH (< 1%) for longer than an hour.
Also shown in Figure 3.2 are results from other groups who studied the efflorescence of
mixed citric acid-ammonium sulfate particles at room temperature. Choi57 used an EDB
to study a citric acid mole fraction of ~0.59. In these studies they did not observe
crystallization, consistent with our measurements57. Zardini et al.59 used both an EDB and
hygroscopicity tandem differential mobility analyzer (HTDMA) to study efflorescence.
All the data from Zardini et al. are in excellent agreement with our data except at XCA, dry
= 0.2, where they see a slightly higher ERH than observed in our studies. When
comparing the data sets a relevant parameter is the change in ERH when going from pure
ammonium sulfate to XCA, dry = 0.2. Zardini observed a decrease in ERH between 0-3%;
whereas, we observed a decrease between 2-15%. Considering the uncertainties in the
measurements the differences between data sets appears to be relatively small.
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Figure 3.2: Efflorescence of citric acid-ammonium sulfate particles at room temperature.
Filled squares represent this study, unfilled circles Choi57, unfilled triangles are Zardini
2008. For compositions of 0.33 and 0.5 Zardini59 did not observe efflorescence at RH
values greater than or equal to an RH of 10%. Experiments were not carried out at RH
values less than 10%, and the symbols and error bars at these compositions are used to
indicate this fact.
The general trend illustrated in Figure 3.2 (decrease in efflorescence with addition
of organic compounds) for citric acid-ammonium sulfate is consistent with the trends
observed with systems containing other highly oxygenated organic species. To illustrate
this point, we compare, in Figure 3.3, the results from our citric acid studies with
previous measurements from our group which utilized a similar apparatus. Included in
the figure are results for malonic acid, glycerol and leviglucosan35. The results illustrate
that all systems have a similar trend, but there are significant quantitative differences
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between the systems. For example at a mole fraction of 0.3 the citric acid system does not

RH (%)

effloresce whereas the malonic acid system effloresces at 20.7% RH.
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Figure 3.3: Room temperature comparison between citric acid (this study) and several
organics studied previously in our laboratory35.
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The differences between systems shown in Figure 3.3 may be explained by
classical nucleation theory. In our experiments, the efflorescence relative humidity is
expected to be limited by the rate of homogeneous nucleation of ammonium sulfate in the
particles. This is expected because the rate of crystal growth is almost instantaneous,
based on observations of particles during efflorescence events. According to classical
nucleation theory the rate of homogeneous nucleation of crystalline ammonium sulfate in
the particles can be described by

16πγ 3v 2
∆G ' 
J = A exp − 3 3
+

2
kT 
 3k T (ln S )
,

(3.2)

where the nucleation rate, J, is the number of nuclei formed for a unit volume and time28,
A is a pre-exponential factor, k is Boltzmann’s constant, v is the molecular volume of
ammonium sulfate, T is temperature, S is the supersaturation of crystalline ammonium
sulfate, γ is the interfacial energy between the embryo and the surrounding liquid and ∆G’
is a molecular rearrangement term (which is strongly correlated to viscosity). As
discussed previously, one possible explanation for the variation in efflorescence from
system to system is that γ varies significantly from system to system. This would lead to
considerably different nucleation rates at a similar relative humidity since the surface
tension is cubed. Another possibility is that at low RH, viscosity may become significant
and vary from system to system at high mole fractions of organics. In this case, viscosity
can limit the nucleation rate (through ∆G’). A final possibility is that the degree of
supersaturation at a given RH varies significantly from system to system due to non-ideal
behavior.

3.3.3 ERH as a function of temperature
Figure 3.4 shows the efflorescence results for the five temperatures studied.
Qualitatively, the trend observed at lower temperature remains the same, where
increasing amounts of organic compounds cause a slight reduction in ERH followed by a
complete inhibition. However, at 248 K and 233 K the efflorescence is inhibited at lower
mole fractions; at 0.25 and 0.2 respectively. This suggests that at low temperatures
efflorescence can be inhibited by smaller concentrations of citric acid.
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Figure 3.4: Efflorescence data for different dry organic mole fractions of citric acidammonium sulfate particles. Different panels represent different temperatures, solid
points represent observed efflorescence events and unfilled points are non-efflorescing
mixtures. The dashed line is included to help guide the eye.
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Figure 3.5 shows the same data as Figure 3.4, replotted using RH and temperature
as variables. This figure more clearly illustrates that the efflorescence for XCA, dry = 0.0,
0.1 and 0.15 is relatively insensitive to temperature. A linear fit for these three data sets
shows slopes between 0.03 and 0.07 %RH/K. Figure 3.5 also illustrates that at XCA, dry =
0.2 and 0.25 the ERH is a strong function of temperature, with a sudden change in ERH
at 233 K and 248 K for XCA, dry = 0.2 and 0.25 respectively. Similar to Figure 3.4, this
shows that at low temperatures (< 250K) and high organic compound concentrations
(XCA, dry = 0.2 and 0.25) efflorescence appears to be inhibited. Figure 3.5 also contains
lines examining the glass transition temperature of the organic-inorganic mixtures, these
are discussed in greater detail below.

60

RH (%)

40
X CA, dry= 0.00
X CA, dry= 0.10
X CA, dry= 0.15

20

X CA, dry= 0.20
X CA, dry= 0.25
X CA, dry= 0.30
T g of XCA,dry=1.0

0
180

T g of XCA,dry=0.7

200

220

240

260

280

300

Temperature (K)
Figure 3.5: Efflorescence data from this study and calculated glass transition data (see
text for further details). The dotted line represents the Tg of a binary mixture of water and
citric acid (XCA,dry =1.0). The dash-dot line and open symbols correspond to ternary
mixtures with XCA,dry =0.7.
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Recently in an elegant set of experiments, Wise et al.64 studied the efflorescence
properties of ammonium sulfate particles coated with palmitic acid down to
approximately 245 K. These authors observed efflorescence at approximately 35% RH
for the entire temperature range studied and noted that the organic coating had little effect
on the efflorescence of ammonium sulfate. One likely reason for the difference between
our results and the results by Wise et al. is the properties of the organic material studied.
Palmitic acid is insoluble in water. On the other hand, citric acid is water soluble and
does not crystallize under the conditions we explored.

3.3.4 Explanation of temperature dependence
Again, the temperature dependence of the ERH may be rationalized with classical
nucleation theory and equation 2. One possible explanation for the efflorescence
inhibition illustrated in Figure 3.4 and Figure 3.5 is that in the particles at lower
temperatures which were rich in organics (0.20 and 0.25 mole fractions) do not reach as
large a supersaturation with respect to ammonium sulfate (S(NH4)2SO4), possibly due to
non-ideal solution behaviour. As a result the driving force for efflorescence (i.e. S
variable in equation 3.2) is smaller at the lower temperatures and in the most
concentrated particles. To explore this we calculated the S(NH4)2SO4 reached in all
experiments where efflorescence was observed using the e-AIM model27. These results
are represented by solid symbols in Figure 3.6. Although e-AIM assumes that ion-organic
component interactions are minor, it has been used to represent this system in 1:1 mole
ratio previously with some success89. In general, supersaturations with respect to
ammonium sulfate ranged from 30 to approximately 75. Next we calculated lower limits
to the S(NH4)2SO4 reached in the experiments where efflorescence was not observed. The
results from these calculations are represented by the open symbols in Figure 3.6. To
calculate these lower limits we used the e-AIM model and an RH of 10%. In the
experiments where no efflorescence was observed S(NH4)2SO4-values greater than 150 were
reached which is clearly larger than the S(NH4)2SO4-values reached in the experiments
where efflorescence was observed. We conclude that a low S(NH4)2SO4-value at the lowest
temperatures and in particles with greater organic component loadings cannot explain our
observations24-26,90.
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Figure 3.6: The supersaturation required to induce efflorescence, Scritical, observed in our
experiments. The solid points correspond to observed efflorescence events while unfilled
points represent the lower limit associated with non-efflorescing mixtures.
The inhibition trend at low temperatures observed in our experiments may be
related to crystallization studies in aqueous citric acid solutions carried out 40 years
ago72. The authors argued that the decrease in nucleation events at lower temperatures
was due to an increase in viscosity which would increase ∆G’ in equation 8. This can
also explain the observed inhibition of efflorescence of mixed ammonium sulfate-citric
acid particles at the lowest temperatures in our experiments.

3.3.5 Possible connections with glass transition
temperatures
As mentioned in Section 3.1, recent work has shown that both fully organic
particles and mixed organic-inorganic particles can form glasses at low temperatures of
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atmospheric relevance74,75. Prior to our work there have not been any reports of glass
transition temperatures of citric acid-ammonium sulfate-water solutions.

Below we

investigated the glass transition temperatures of these solutions using a DSC and relate
these values to the observed efflorescence conditions.
Shown in Figure 3.5 and Figure 3.7 (solid symbols) are the glass transition
temperatures, Tg, we determined for mixed citric acid-ammonium sulfate-water solutions.
Each Tg is a mean value of two single measurements. Note we were unable to
measurement glass transition temperatures for a wider range of solute mass fractions or
for different XCA,dry-values since in these solutions either ice or ammonium sulfate
crystallization was observed before reaching the glass state. The solid line through the
square symbols is a parameterization of the experimental data for XCA,dry = 0.7 using the
Gordon-Taylor equation91. Gordon and Taylor first postulated an equation which allows
computing the glass transition temperature of aqueous solutions, Tg, as a function of the
mass fraction of the solute, w2. This equation takes the form

Tg ( w) =

1
w2 T g 2
k
,
1
w1 + w2
k

w1Tg1 +

(3.3)

where w1 is the mass fraction of water, Tg1 and Tg2 are the glass transition temperatures
of pure water and of the solute, respectively.

For XCA,dry values of 0.7 we fit the

experimental data to this equation using Tg1 as 136 K92,93. The parameters from the fit are
Tg2 = 273.6 K and k = 4.383.
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Figure 3.7: Glass transition temperatures of citric acid-ammonium sulfate solutions as a
function of the total mass fraction of the solutes. Squares: XCA, dry = 0.7; circle: XCA, dry =
0.5 and triangle: XCA, dry = 0.3. The dash-dot line is a fit to the data for XCA, dry = 0.7 using
equation 3.3. The dashed line is a parameterization of the glass transition temperatures of
citric acid-water solutions taken from the literature (see the text for more details).
Also shown in Figure 3.7 (dashed line) is a parameterization of the glass transition
temperatures of citric acid-water solutions taken from the literature78. The citric acidwater data correspond to XCA,dry =1.0.
In Figure 3.5, we have plotted the glass transition temperatures for XCA,dry = 1.0 and
0.7 in RH-temperature space. For both the binary and ternary system we used the e-AIM
model to relate the composition of the mixtures to RH. Note, that the Tg-values for XCA,dry
= 0.5 and 0.3 shown in Figure 3.7 were not included in Figure 3.5, since the e-AIM
model is limited to temperatures above 180 K. The Tg-values for XCA,dry = 1.0 and 0.7
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shown in Figure 3.5 should be upper limits to the Tg-values for XCA,dry = 0.0 to 0.3 (which
is the composition range used in the efflorescence experiments). This is because the
addition of ammonium sulfate decreases the Tg of the system as shown in Figure 3.5 and
Figure 3.7. As a result the Tg-values shown in Figure 3.5 are insufficient to argue that
glass formation is responsible for the inhibition of efflorescence observed in our studies
with XCA,dry = 0.0 to 0.3. Nevertheless it is interesting to note that the glass transition
temperatures shown are very close to the temperatures and RH values where we observed
inhibition of efflorescence.

3.3.6

Atmospheric implications

This study has shown that relatively small quantities of citric acid can completely
suppress efflorescence of ammonium sulfate at low temperatures. For example, Figure
3.4 and Figure 3.5 suggest that at temperatures below 233 K, mixed citric acidammonium sulfate particles will not effloresce if XCA,dry ≥ 0.2. This corresponds to a dry
organic component mass fraction (organic/(organic + sulfate)) of ≥ 0.33. Recent field
studies using single particle mass spectrometry suggests that the dry organic component
mass fraction in the upper troposphere is 0.3 to 0.894. If we assume that 60% to 90% of
the total organics mass is water soluble95,96 in the free troposphere, we obtained a water
soluble organics mass fraction (organic component mass/(organic component
mass+sulfate mass)) of 0.18 to 0.72. It is interesting to note that the dry organic mass
fraction were we see inhibition of efflorescence (≥ 0.33) is within the composition range
of importance in the atmosphere (0.18 to 0.72). The current study is only a first step
toward understanding the ERH properties of mixed organic-inorganic particles in the
middle and upper troposphere. Additional studies are required on other model organic
systems. Nevertheless our data does point out that the efflorescence properties of mixed
organic-inorganic particles can be different at low temperatures compared to room
temperature and only small amounts of water soluble organic material may be needed to
inhibit efflorescence of ammonium sulfate. As a result, particles in the upper troposphere
may be more likely to remain in the liquid state than previously thought, and solid
ammonium sulfate may be less likely to participate in heterogeneous ice nucleation in the
upper troposphere.
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At mentioned above, we see a different trend to that observed by Wise et al.64 who
used particles composed of palmitic acid and ammonium sulfate. The palmitic acid
results may be more relevant to conditions where the organics are insoluble in water. Our
citric acid results may be more relevant for conditions where the organics are water
soluble and do not effloresce (i.e. remain in the liquid state or glass state) for atmospheric
conditions.

3.4

Conclusions

We studied the efflorescence properties of mixed citric acid-ammonium sulfate
particles as a function of temperatures to better understand the efflorescence properties
mixed organic-inorganic particles in the middle and upper troposphere. Our data for
293 K illustrate that the addition of citric acid decreases the ERH of ammonium sulfate in
the particles, which is consistent with the trends observed with other highly oxygenated
organic systems. At low temperatures the trend is qualitatively the same, but at these low
temperatures efflorescence can be inhibited by smaller concentrations of citric acid. In
other words, this study shows that at low temperatures, relatively small quantities of citric
acid can completely suppress the efflorescence of ammonium sulfate. For example, at
temperatures < 240 K a citric acid dry mole fraction of only 0.2 is need to inhibit
efflorescence ammonium sulfate in the particles. This corresponds to a dry organic mass
fraction of only 0.33. In the upper troposphere the dry mass fraction of water soluble
organics is often larger than this value. Additional studies are required on other model
organic systems. Nevertheless our data does point out that the efflorescence properties of
mixed organic-inorganic particles can be different at low temperatures compared to room
temperature and only small amounts of water soluble organic material may be needed to
inhibit efflorescence of ammonium sulfate. As a result, particles in the upper troposphere
may be more likely to remain in the liquid state than previously thought and solid
ammonium sulfate may be less likely to participate in heterogeneous ice nucleation in the
upper troposphere.
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4 Liquid-Liquid Phase Separation and Phase Transitions
of HMMA-Ammonium Sulfate Particles at Tropospheric
Temperatures
4.1

Introduction

Aerosols are an important component of the atmosphere with effects on health,
climate and atmospheric chemistry. In the atmosphere aerosols can undergo a variety of
chemical and physical transformations, one such transformation is liquid-liquid
separation. This phase separation involves the partitioning of an aerosol particle into a
hydrophobic and a hydrophilic phase.
Liquid-liquid phase separation of organic particles has been proposed based on
the results of thermodynamic modeling studies40-42. Liquid-liquid phase separation of
organic-inorganic particles has also been observed in the laboratory, using mixtures of an
inorganic salt, PEG-400 and water39,43. In this case an otherwise soluble organic
compound separated from the aqueous phase due to salting-out effects. Salting out has
been studied extensively, with applications in distillation and polymer science, however it
has only recently been identified as important for aerosol interactions. Briefly, at low
relative humidities (RH) the water becomes scarce, salt ions and organic molecules are
forced to interact unfavourably which prompts the formation of an outer organic shell and
an inner aqueous-electrolyte core.
Despite recent work, the atmospheric significance of liquid-liquid phase
separation in mixed organic-inorganic particles (due to salting out effects) is still poorly
understood. The effect of different inorganic components has been investigated in one
study39, but the effects of other atmospheric parameters have been largely unexamined.
This study investigates the temperature dependence of liquid-liquid phase separations on
mixed organic-inorganic particles at temperatures down to 233K. The effects of this
separation on efflorescence and deliquescence are also investigated. Efflorescence and
deliquescence are phase transitions between a crystalline and aqueous droplet which is
caused by water loss or uptake, respectively. These phase transitions in mixed organicinorganic aerosols have been studied at room temperature34,35,58 and a small number of
studies have investigated lower temperatures64,97. In general, studies have found that the
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addition of organics tends to lower the efflorescence relative humidity (ERH) and the
deliquescence relative humidity (DRH).
The phase transitions discussed above have been shown to be important to the
atmosphere in several ways. Efflorescence and deliquescence influence both direct and
indirect light scattering, while liquid-liquid phase separations change composition
dramatically. Changes in composition influence other properties such as water uptake,
organic uptake, reactivity, and mass, thus liquid-liquid separations may have a substantial
effect on aerosol behaviour.
The following studies focus on aqueous mixtures of 3-hydroxy-4-methoxy
mandelic acid (HMMA) and ammonium sulfate (AS). HMMA is a water-soluble,
aromatic carboxylic acid and represents a partially oxidized atmospheric organic75.
Ammonium sulfate is a very common anthropogenic inorganic aerosol component.
In the following we investigate the liquid-liquid separations observed in aqueous
HMMA-ammonium sulfate solutions at temperatures from 293 K to 233 K. In solutions
which phase separate we also investigate the temperature dependence of efflorescence
and deliquescence. Finally, the variation observed in phase transitions with temperature is
compared to known glass transition temperatures.

4.2

Experimental

The technique used to study phase transitions has been described in detail in
literature35,58,79 and in Chapter 3. A brief overview is provided here with a focus on
details specific to the current experiments. The system consists of an optical microscope
coupled to a temperature controlled flow cell. The bottom surface of the flow cell is a
hydrophobic glass slide upon which the particles of interest are deposited and observed.
Relative humidity in the cell was controlled by a continuous flow of a mixture of humid
and dry N2 (Praxair, 5.0 purity). Typical flow rates were approximately 1.5 L/min.
Phase separation and deliquescence measurements used unpolarized light, but
experimental conditions were otherwise similar to previous efflorescence work. Each
efflorescence and deliquescence experiment consisted of 3-15 visible particles ranging in
size from 10-50 µm in diameter. Phase separations were more easily visible in larger
particles, so when specifically investigating separations particles in the 30-50 µm size
range were used more frequently. For each particle, the phase separation RH was
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identified as the RH at which there was a clear distinction between the two phases and the
efflorescence relative humidity (ERH) was identified as the RH at which the first
appearance of solid was observed, even if the particles appeared only partially crystalline.
Ammonium sulfate (Fisher, 99.8%) and HMMA (Sigma-Aldrich, ≥98%) were
used as supplied.

Bulk mixtures were prepared gravimetrically and dissolved in

Millipore filtered water (18.2 MΩ). All solutions were used within 24 hours of
preparation. To prepare the particles the solution was passed through a nebulizer to
produce submicron particles. These particles were directed towards a hydrophobic glass
slide where they coagulated into supermicron droplets.

4.3

Results

The data were separated into two groups, phase transitions observed while the RH
decreases from high to low and those observed as the RH increases from low to high.
This separation simplifies the identification of individual trends. While examining this
system it was noted that particles where XHMMA,dry ≥ 0.8 underwent no transitions, all of
these particles appear liquid from RH of 90% to <1%. Additionally, no morphology
change was observed in these particles.

4.3.1 Decreasing RH: at 293 K
Droplets with XHMMA,dry < 0.8 underwent two distinct phase transitions at room
temperature while decreasing RH: a liquid-liquid phase separation (see Figure 4.1b and c)
followed by efflorescence of the aqueous ammonium sulfate fraction (see Figure 4.1d).
The liquid-liquid phase separation occurs at ~77% RH and is not sensitive to the
concentration of HMMA. The onset of this separation is marked by the formation of
small inclusions of a second phase throughout the particle, these inclusions eventually
aggregate and resolve into an outer shell and inner core (see Figure 4.1).
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(a)

(b)

(c)

(d)

Relative Humidity
Figure 4.1: Decreasing Relative Humidity in 0.4 mol fraction HMMA. In picture (a)
deliquesced particle, 85.1% RH (b) beginning of phase separation, inclusions within
particle, 78.4% RH (c) phase separated particle, 75.6% RH (appearance remains constant
until efflorescence) (d) inner core efflorescence, 29.2% RH
When the RH is lowered further, the inner core of the particles will effloresce at
approximately 35% RH, the same range as the established ERH for pure ammonium
sulfate droplets. The efflorescence is associated with a sudden change in appearance, and
is illustrated in Figure 4.1. The dependence on composition of both efflorescence and
phase separation is plotted in Figure 4.2. It is interesting to note that there is very little
dependence on the composition. This is in direct contrast to the efflorescence suppression
in particles which do not phase separate, where composition dependence has been
observed in numerous studies55,60,62,83,98-100.
It is known that the surface tension of organic compounds is lower than aqueous
solutions because of the strong hydrogen bonding in aqueous water101. This difference in
surface tension means that it is energetically more favourable for the HMMA to form the
outer shell. Additionally, the inner core effloresces while the outer core does not. This is
consistent with the behaviour of pure ammonium sulfate and HMMA, respectively.
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Figure 4.2: Phase diagram for HMMA-ammonium sulfate particles at room temperature
and decreasing RH. The lines are to guide eye only.

4.3.2 Phase separation at lower temperatures
As discussed above, liquid-liquid separations were observed in all cases during
room temperature measurements of particles where XHMMA,dry < 0.8. The temperature
dependence of the liquid-liquid phase separation RH is shown on Figure 4.3. Similar
separations are observed at lower temperatures. For the 0.2 and 0.4 mol fractions there is
a substantial overlap between the error bars, although there is some deviation from the
average in the 263K case. The error bars represent a combination of ±2σ (95% of cases
for a normal distribution) and the instrumental uncertainties associated with the
hygrometer. Mixtures typically separate at an RH of approximately 77% (within error).
The measurements at 263K are statistically lower, there is no theoretical explanation for
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this behaviour at this time. However, the points have been replicated and consistently
yield results roughly 10% lower than the other measurements.
The behaviour when XHMMA,dry = 0.6 shows a more dramatic trend: at 263 K and
below, the studied particles do not separate at all and appear to remain a single phase
even at very low RH. It should also be noted that the phase separation at 278 K,
XHMMA,dry = 0.6 has a different appearance and occurs at approximately 65% RH. This
phase separation does not progress into a complete liquid-liquid separation and is
illustrated in Figure 4.4. This change may represent a partial liquid-liquid separation
which is arrested by increasing solution viscosity.
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Figure 4.3: Temperature dependence of the liquid-liquid phase separation in HMMAammonium sulfate particles. The XHMMA,dry = 0.6 case ceases to phase separate at 263 K,
the decrease at 278 K is discussed in greater detail in the text.
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78.8%

66.6%

60.3%

48.1%

Figure 4.4: Images of XHMMA, dry = 0.6 at 278 K: the particles undergo an obvious change
but do not resolve into two liquid layers. A proposed explanation for this behaviour is an
increase in viscosity as the organic becomes more concentrated (see text for more
details).
The inhibition of liquid-liquid phase separation when XHMMA,dry = 0.6 may be related to
the glass transition temperature of the particles. The Tg values of mixed HMMAammonium sulfate-water solutions are not known.

However, Zobrist et al75. have

developed a parameterization for calculating the Tg,mix for a variety of organic-water
mixtures including HMMA-water75. In Figure 4.5 we have plotted the glass transition
temperature of a pure HMMA-water particle in equilibrium with the surrounding RH.
This line corresponds to XHMMA,dry = 1.0, and should be considered as an upper limit to the
glass transition temperatures of HMMA-ammonium sulfate-water mixtures. It is known
that prior to glass formation a solution’s viscosity increases dramatically (three orders of
magnitude in 10°C near Tg)102,103. The increasing viscosity of the particles at XHMMA,dry =
0.6 is a possible explanation for the phase separation behavour under these conditions.
This is not conclusive proof that glass formation or viscosity increases are impeding the
separation (since the glass transitions of XHMMA,dry = 1.0 are only lower limits for
XHMMA,dry = 0.6), but provides a reasonable hypothesis for further examination.
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Figure 4.5: Experimental data for liquid-liquid separation and the glass transition
temperature of pure HMMA-water mixture (XHMMA, dry = 1.0).

4.3.3 Efflorescence at lower temperatures
The efflorescence results and trends for this study are shown in Figure 4.6.
Similar to the liquid-liquid separations results presented above, the composition XHMMA,dry
= 0.6 shows significant temperature dependence. At 278 K these particles completely
cease to effloresce, even when exposed to very low RH values (<2%). This suppression
of efflorescence also applies to all compositions where XHMMA,dry > 0.6 which were
examined at all temperatures. As discussed above, a possible explanation is that the
suppression is due to formation of a glass or a viscosity increase. This glass formation
would also inhibit efflorescence at lower temperatures and has been proposed to explain
organic inhibition of efflorescence previously in literature35,74,97.
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Figure 4.6: Temperature dependence of HMMA-ammonium sulfate efflorescence events.
A value of 0% RH represents no observed efflorescence for a minimum of one hour.
The cases where XHMMA,dry ≤ 0.4 are somewhat different from higher
concentrations. For these compositions a liquid-liquid phase separation is observed at all
studied temperatures, which results in an organic coating and an aqueous inorganic-rich
core. In these cases the inorganic core effloresces at approximately 35%. This is not
surprising since a small amount of organic in the core is not expected to lower the ERH.
However, it is surprising that the inner core maintains equilibrium with the water vapour
in the cell. After liquid-liquid separation the outer shell is expected to be an HMMAwater mixture with very little inorganic material. The glass transition of pure HMMA
(XHMMA,dry = 1.0) is also shown on Figure 4.7.
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Figure 4.7: Solid line is Tg of HMMA-water mixture. This shows that all measurements
below 278 K are well below Tg, and thus outer layer should be a glass.
Figure 4.7 implies that the HMMA coating should be glassy for relevant RHs at
all temperatures below 278 K. Calculations (using equations presented in Murray 2008)
imply that diffusion of water through glassy HMMA should be extremely slow ~0.066
nm/min74. The fact that the core effloresces so close to the ERH of pure ammonuium
sulfate suggests that it is in equilibrium with the surroundings, and mass transfer of water
across the coating is not inhibited. We suggest two possibilities to explain this. First the
HMMA outer shell may not completely surround the core. Ciobanu et al43. also used an
experimental system where the results were a top view of µm-sized particles on a
hydrophobic slide, very similar to our experimental method. By investigating contact
angles they identified a range of possible particle morphologies and determined that a
double spherical calotte (shown in Figure 4.8) was a likely form for 1:1 mixtures of PEG47

400 and ammonium sulfate. This morphology would be consistent with the observed
results as the inner core can interact with the outside environment directly, without water
vapor passing through a thick (glassy) outer shell. Similarly, Reid et al.104,105 observed
that in NaCl-decane-water systems suspended using optical tweezers, the organic only
partially engulfed the aqueous fraction. These partially exposed morphologies suggest
that it is atmospherically reasonable that the core may have direct exposure when
suspended in the atmosphere104,106. As the morphology of multiphase atmospheric
particles is studied further, the implications of glass transitions can be extrapolated.

Figure 4.8: Diagram of the spherical calotte morphology suggested by Ciobanu et al43. In
this morphology the inner core is exposed to the outside environment.
Another possibility is that the coating has defects. In fact some of the images (see
Figure 4.9a for example) reveal some types of defects in the coatings which may aid in
mass transfer across the organic coating.

4.3.4 Increasing RH: room temperature
When beginning with effloresced particles that have undergone a liquid-liquid
phase transition and then raising the RH, one phase transition was observed (see Figure
4.9). The effloresced inner core takes up water, shrinking and eventually deliquescing as
the RH reaches 80%. This is also similar to pure ammonium sulfate. There appears to be
little dependence on particle composition as shown in Figure 4.10. The images presented
in Figure 4.9 are representative of the deliquescence process, it is important to note that
the particles deliquesce into a single liquid phase. This behaviour differs from PEG-400ammonium sulfate systems, which deliquesce into two liquid phases and proceed to join
into a single liquid droplet at an RH near 90%43.
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(a)
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Relative Humidity
Figure 4.9: Increasing humidity in 0.4 mol fraction HMMA. Dual layer (in a and b) is
caused by an outer layer of HMMA and inner effloresced core. In picture (a) effloresced
core, 25.3% (b) effloresced core, 62.9% (c) partially deliquesced core, 80.2% (d) fully
deliquesced particle, 81.4%
As mentioned in the introduction, studies have observed liquid-liquid separations
in several solutions, primarily in bulk solutions containing ammonium sulfate mixed with
polyols39 or micron sized droplets of ammonium sulfate and PEG-40043. These
separations occurred at 80% (AS+1,4 butadiol) and 95% (AS + 1,2 hexadiol). When
considering other inorganic salts, such as ammonium nitrate, this range increases even
further. The large variation between where similar compounds phase separate is different
from deliquescence of mixed particles; the DRH changes less dramatically with organic
addition. This suggests that the deliquescence into a single phase observed in this study
and the deliquescence into two phases observed by Ciobanu et al.43 could simply be a
result of substantial variation in the phase separation, which is consistent with our
observations.
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Figure 4.10: Deliquescence of HMMA-ammonium sulfate particles at room temperature
with increasing RH. A value of 0% RH represents no observed efflorescence (and thus,
no deliquescence).

4.3.5 Deliquescence at lower temperatures
Unlike the efflorescence behaviour, the temperature dependence of the
deliquescence is relatively straightforward. Measurements at 233 K were found to be
impossible because ice nucleated consistently; this is not surprising as Sice at the expected
DRH is 117%. With a high supersaturation with respect to ice and many liquid droplets
available, nucleation of ice is inevitable. As discussed above, particles where XHMMA,dry =
0.6 do not effloresce at temperatures of 263 K and below. However, it was possible to
effloresce these particles at higher temperatures and then lowering the temperature to the
desired value for low temperature deliquescence experiments. As shown in Figure 4.11
the error bars for all trials where XHMMA,dry ≥ 0 overlap significantly. This shows that there
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is no discernable difference for different compositions and essentially no dependence on
temperature

for

deliquescence. Comparison

between

pure

ammonium sulfate

deliquescence (XHMMA,dry = 0.0) and binary mixtures does show a small decrease in DRH.
This decrease has been well documented in other ammonium sulfate-organic mixtures
and is of a comparable amount58,59,98,100.
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Figure 4.11: Temperature deliquescence of HMMA-ammonium sulfate particles. For low
temperature measurements of XHMMA, dry = 0.6 particles, efflorescence occurred at room
temperature and deliquescence occurred at the reported temperature.

4.4

Conclusions

A variety of phase transitions have been observed over a range of temperatures
and compositions in the mixed organic-inorganic particles studied. This study provides
insight into the behaviour of organic-inorganic mixtures in the atmosphere, and it is
especially relevant for aromatic organics with relatively low organic to carbon (O:C)
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ratios. Low temperature measurements are particularly applicable for aerosols in the
upper troposphere and tropopause, where the abundance of sulfate-organic particles is
high. The low temperature phase separation behaviour influences composition and thus, a
wide variety of aerosol properties.
The studied particles were found to effloresce and phase separate at compositions
where XHMMA,dry ≤ 0.4 at all temperatures. For particles were XHMMA,dry = 0.6, phase
separation is inhibited at 263 K and efflorescence ceases at 278 K. It is believed that the
suppression of efflorescence and phase separation at lower temperatures stems from an
increase in solution viscosity or formation of a glass. This hypothesis is supported by the
known glass transition temperatures of water-HMMA mixtures. The continued
efflorescence of liquid-liquid phase separated particles when the outer core is glassy has
provided further insight into the morphology of these particles. Further studies
investigating the morphology of atmospheric phase separated particles can clarify
whether the inner core is only partially engulfed or whether defects in the glassy shell are
responsible for this behaviour.
This study has also investigated the deliquescence behaviour of mixed inorganicorganic particles at low temperatures. These investigations are less novel, as a substantial
body of work investigating deliquescence in mixed particles exists. A small decrease in
ammonium sulfate’s DRH was observed (a decrease of 4% at most), this consistent with
behaviour according to literature.

52

5 Concluding Remarks and Future Work
5.1

Summary of work

This thesis has investigated the phase transition behaviour of several mixed
organic-inorganic compounds. This behaviour has significant consequences in several
different fields including human health, visibility, atmospheric reactivity and climate
change. In order to develop a more accurate picture of the upper troposphere and
tropopause the studies contained in this thesis have examined behaviour at temperatures
down to 233 K and mixtures containing ammonium sulfate, the most common inorganic
component in the atmosphere. The two different organics investigated throughout this
work, citric acid and HMMA demonstrate markedly different behaviour in their phase
separations. The key difference between the two compounds is that HMMA demonstrated
liquid-liquid phase separations caused by salting out effects while citric acid mixtures
never phase separate at any point during the experiments. Current work differentiating
these regimes shows that O:C ratio may be a good indicator of whether an organic will
promote phase separation by salting out, with high O:C ratios remaining a single phase
while low ratios imply liquid-liquid phase separation as the RH decreases.
The studies investigating citric acid-ammonium sulfate mixtures demonstrated
that citric acid was substantially more efficient in impeding efflorescence of ammonium
sulfate at room temperature when compared to other organics. The low temperature
measurements showed that smaller concentrations of citric acid were able to inhibit
efflorescence at lower temperatures. The efflorescence inhibition results have been
correlated with the glass transition temperatures of water-citric acid mixtures. The Tg
behaviour corresponds well to the efflorescence suppression, providing support for a
modified model of classical nucleation theory which incorporates solution viscosity. It is
important to note that the experiments described herein do not explicitly prove that
viscosity increases are responsible for the efflorescence inhibition but do provide
additional support for the hypothesis. This result has important consequences, it implies
that previous work may overestimate the amount of solid sulfate particles in the upper
atmosphere. This in turn could influence ice cloud formation, light scattering and
heterogeneous atmospheric chemistry.
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The HMMA-ammonium sulfate studies also demonstrated inhibition of
efflorescence at lower temperatures. An additional phase separation effect was observed
in this system, caused by salting out interactions between the aqueous inorganic ions and
the organic component. The differences in surface tension cause the organic to form an
outer shell while the aqueous inorganic components form an inner shell. The outer shell
contains almost no ammonium or sulfate ions, and is expected to form a glass at
atmospherically relevant RH values. The ammonium sulfate cores demonstrated similar
ERH values to previous experiments, this is only possible if the core has some exposure
to the external RH without interference from the glassy shell. Two possible morphologies
were suggested; defects in the glassy shell or partial encapsulation of the core by the
shell, the later is consistent with observations by both Ciobanu43 (on a substrate) and
theoretical predictions for immiscible systems by Reid et al104. The phase separation
observed in this system also has important ramifications for atmospheric aerosols, the
changes in composition associated with phase separation have the potential to alter
reactivity, water uptake and other important aerosol properties.
As a whole, this thesis has provided new insight into the phase transitions which
atmospheric particles undergo. The most novel aspect of these investigations has been a
focus on the temperature dependence of these transitions in addition to investigating the
effects of composition. A strong temperature dependence resulted in efflorescence
inhibition in both systems and some phase separation inhibition for the XHMMA, dry = 0.6
case. These results can be used to better understand the effects of atmospheric aerosols
and their effects.

5.2

Future work and direction

There are several avenues for further study and application of the ideas broached
in this thesis. Low temperature investigations of mixed particles are still rare and the
results herein show that behaviour at room temperature can not necessarily be
extrapolated to lower temperature analogs. Additional studies investigating different
species or mixtures would be valuable to ensure that the phase behaviour of citric acid
and HMMA mixtures can be generalized more broadly. Studies investigating the
behaviour of real world secondary organic aerosol mixtures would be exciting for similar
reasons.
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Additional study of the viscosity and glass formation in atmospherically relevant
aerosols is also important. Existing descriptions of glass formation are primarily semiempirical and optimized for application in polymer or food-preparation systems. A more
detailed investigation of the effects of different salts and organics, or even investigations
of collected SOA samples may be able to provide proof that glass formation is directly
influencing efflorescence and nucleation in atmospheric systems. A related study which
is also important is investigating the ice nucleation properties of glassy particles. This
subject has important consequences for determining the indirect effect of glassy particles
and has just begun to be investigated76,107.
Further investigation of the glassy, phase separated particle’s morphology is also
extremely important. This poses several experimental challenges, a reasonable starting
point may be adaptation of the theoretical model proposed by J.P. Reid104 to salting out
systems (rather than purely immiscible ones). Although it is widely held that the
hydrophobic glass slides do not influence the particle’s chemistry, it would be valuable to
investigate particle structure in an EDB or similar levitated system based on Ciobanu’s
observation of the spherical calotte morphology43. Finally, a long term research goal is
the incorporation of these results into existing climate models. This work will require
collaboration between experimental, field and modeling studies and is currently a distant
project. It is important to remember that incorporation into global climate models is a key
application for phase transition studies of this nature.
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