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Abstract

Atmospheric aerosols, suspensions of tiny particulates in atmosphere, are known to
have a major impact on Earth’s climate. Due to the highly chemically and physically
complex nature of aerosol particles, large uncertainty in climate modeling arises when
attempting to predict the aerosol effect. This dissertation comprises of (1) development of
thermodynamic statistical mechanics models to predict solute and water content in aqueous
aerosols, and (2) development of an experimental microfluidics approach to measure water
loss and study liquid-liquid phase separation. The research effort will significantly advance
understanding of aerosol particle thermodynamics by assessing the water content of
multiphase particles containing soluble organic compounds, and reduce uncertainty in

climate modeling associated with aerosol properties and dynamics.

The specific objectives attained in this dissertation research are as follows.

I. Aqueous Solution Thermodynamic Model Development: Thermodynamic analytic
predictive models using statistical mechanics were developed for multicomponent systems
across the entire range of equilibrium relative humidity (RH - 0 to 100%). The models
predicted solute activity for a wide range of compounds consisting of partially dissociating
organic and inorganic acids, fully dissociating symmetric and asymmetric electrolytes, and

neutral organic compounds to capture their chemical behavior.

I1. Model Applications: (1) pH of aerosols was evaluated in a collaborative work, which

is of significant interest due to its effect on the environment. (2) Hygroscopicity was

Vi



estimated in a collaborative work, which has effects on the optical properties of aerosol

particles.

I11. Experimental Microfluidics: The thermodynamic model was parameterized and
validated with measurements of water uptake of multicomponent aerosol particles. The
influence of relative humidity on phase behavior to assess the effects on water loss
properties was studied for improved understanding of liquid-liquid morphologies.
Hydrodynamic trapping of atmospheric aerosol chemical mimics in microfluidic channels

was used to perform the experiments, that also represented supersaturated solutions.

The efforts in this dissertation together will enhance understanding of atmospheric
aerosol phase, solid/liquid/gas partitioning, and liquid-liquid morphologies found in the
troposphere. Additionally, the measurements and modeling performed here are useful to
any application that requires thermodynamic predictions of water content in complex

fluids, like emulsions.
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Chapter 1

Introduction

1.1 Relevance of Aerosols in Earth’s Atmosphere

There has been a substantial variation in the Earth’s climate in recent years due to
both natural and human causes. It is mainly because of radiative forcing, i.e. disruption in
the balance between the incoming energy from the Sun and the outgoing energy from the
Earth’s surface and atmosphere. The major factors causing the discrepancy in the energy
balance are air pollutants such as greenhouse gases (GHGs) and aerosols,* both of which
are important components of the atmosphere. They alter climate through perturbations in
temperature, natural precipitation, and atmospheric circulation.? The GHGs are known to
have a warming effect on the Earth’s surface and atmosphere, i.e. positive radiative forcing,
whereas the aerosols are known to have a cooling effect although there is much more

uncertainty in the magnitude of their effect than for GHGs.?



The Earth’s atmosphere is composed of water vapor, oxygen, nitrogen, carbon
dioxide and methane originated by a series of dynamic and complex processes. Other trace
atmospheric gases are SOz, NO2 and organic compounds. The lowest layer of the
atmosphere, the troposphere, is where most of the weather phenomena take place, and the
thermodynamic properties of air in this layer are determined largely by its contact with the
surface of the Earth.* Generally, the temperature decreases linearly with increasing altitude

in the troposphere, and there is substantial variation of atmospheric water vapor.

Atmospheric aerosols are fine solid or liquid particles suspended in the atmosphere
that significantly alter our climate, and have a major impact on air quality and health. They
are created by natural and anthropogenic processes, such as sea-spray, volcanic eruptions,
and combustion, and also by new particle formation, or nucleation, which occurs when gas
phase species nucleate to form new particles, i.e. gas-to-particle conversion. Nucleation of
aerosols is significant in the troposphere, and studies suggest that sulfuric acid, ammonia
and water are the key precursors in the nucleation process of new atmospheric aerosol

particles.>”’

Aerosols typically consist of a mixture of inorganic compounds (ammonium
sulfates, nitrates, sea salt), organic compounds (primary and secondary organic material),
and the components of wind-blown dust, volcanoes and plant material.® Numerous studies
on thermodynamic properties have been done for inorganic species as they consist of a
limited number of ions, whereas uncertainty for organic compounds remains, as they are
known to be chemically complex. Aerosols are commonly composed of an aqueous phase,

one or more hydrophobic phases of mostly organic material, and multiple solid phases. The
2



aerosol components equilibrate between the two or more liquid phases as well as with the
gas phase. Compounds can also dissociate (e.g. organic acids) in either or both phases,

depending on temperature and relative humidity.

Atmospheric aerosol particles have a major impact on global climate,® aerosol
optical properties,? visibility!* and human health.® The effect on the Earth’s climate is
through reflection and absorption of solar radiation (direct effect) and through aerosol —
cloud interactions (indirect effect).!? A large contribution to the uncertainty in climate
modeling is associated with aerosol properties and dynamics. The uncertainty arises from
the highly varied nature of aerosol particles, which range in size from 1 nm to 10 pm in
diameter and contain hundreds to thousands of dissolved salt and water-soluble organic
chemical compounds. In addition, changes in relative humidity and temperature in the

atmosphere affect the size and phases of aerosol particles.

1.2 Chemical Thermodynamics of Aqueous Atmospheric Aerosols

Aerosol particles take up moisture at high ambient relative humidities, and form
aqueous solutions of inorganic and organic compounds that typically consist of a mixture
of ammonium sulfates, nitrates, sea salt, and primary and secondary organic material.
Water uptake is governed by particle size, chemical composition, condensation, and
thermodynamic equilibria. This dissertation focuses on liquid aqueous droplets containing
sulfates and organic acids. Sulfate particles are known to be widespread in the atmosphere,
particularly in particles “activated” by condensation of organics*® or in phase-separated

particles containing an organic coating.'*



Typically, hygroscopic particles show water uptake/loss behavior with respect to
changing relative humidities, leading to changes in aerosol composition. The water
uptake/loss causes particles to deliquesce (suddenly take-up water from a crystalline state)
or effloresce (crystallize), which significantly influences light scattering properties of
aerosol particles. Further, presence of an organic phase in equilibrium with an aqueous
inorganic phase, in phase-separated particles, may significantly affect gas-to-particle
partitioning.'>!®  Therefore, to understand chemical composition and phase,

thermodynamic modeling and measurements are required.

The point when a particle transitions from a solid to a dissolved state as a function
of solute solubility is known as the deliquescence point, i.e. when the Gibbs free energy
for the dissolved droplet is less than the Gibb’s free energy for the dry particle, making the
process thermodynamically favorable.”*® Conversely, the efflorescence point is when a
liquid droplet crystallizes with decreasing relative humidities. However, the deliquescence
and efflorescence points for the same particle might be different which leads to a hysteresis
effect. For example, ammonium sulfate deliquesces at a relative humidity ~80% (DRH)
and effloresces at ~ 35-40% (ERH) relative humidity.*®2* It means that the liquid droplet
may remain in a supersaturated, metastable state even at low relative humidities depending

on the particle history.

Ultimately, the supersaturated droplet will crystallize at a low enough relative
humidity. A lower ERH than DRH is due to the kinetic barrier to nucleation, and depends
on the probability of the formation of a solid nucleus of the thermodynamically favored

solid state.'® In addition, for ternary mixtures containing both inorganic and organic
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compounds, the deliquescence and efflorescence relative humidities of the salts are
different compared to single salt binary aqueous solutions alone. Therefore, a
thermodynamic model is required to predict the concentrations of each component in the

solution.

A more complex behavior might occur in organic-inorganic mixtures due to the
non-ideal interactions between ions and organic compounds during atmospheric humidity
cycles leading to liquid-liquid phase separation (LLPS).?2 LLPS is often caused by the
salting-out effect, which reduces the water activity of the organic compound with increase
in the salt mole fraction in the solution. In addition, it has recently been found that liquid-
liquid phase separation may also occur in particles containing some types of secondary
organic material (such as those derived from a-pinene), even in the absence of inorganic
salts.?® Therefore, the aerosol particle phase for organic-inorganic mixtures can vary from

liquid, solid and LLPS, with a significant impact on gas-to-particle partitioning.*®

Particles take up water from the atmosphere until they reach a thermodynamic
equilibrium state between the gas and the particle, i.e. chemical potential of water in the
liquid droplet phase is same as in the gas phase. Water content in an aerosol particle at
equilibrium can be calculated using thermodynamic models. Due to solution non-idealities,
activity coefficients are calculated to predict the chemical composition in the aerosol
particle at equilibrium with the ambient air. The water content in the particle phase
(solution) depends on the relative humidity, and the amount of salts and organic

compounds in the solution.



For aqueous solutions or droplets in equilibrium with the gas phase in contact with
them, the relative humidity is equivalent to the water activity,?* which is the independent
variable in the model described in this dissertation. Thermodynamic equilibrium solution
properties such as osmotic coefficient and solute activities in multicomponent solutions
can be predicted to understand the water uptake by compounds. Chemical activity is the
measure of the chemical effectiveness of a component in a solution. The activity of the

solute, a;, is defined as:

pj =uj +kTn q; (1.1)

Where subscript j is the solute species, u; is the chemical potential, u} is the chemical

potential at a given reference state, k is Boltzmann’s constant, and T is absolute
temperature. The ratio between the chemical activity and the mole fraction of species j is

known as the activity coefficient, given by:

Yi = ailx; 1.2)

The activity coefficient indicates how much the real solution deviates from an ideal
solution. If the activity coefficient is equal to unity, then the activity exactly equals the
concentration, an ideal relationship known as Raoult’s Law. In addition to the activity
coefficient, the osmotic coefficient is defined by:

_ —In(ay) (1.3)
N Mwm]-vj



where aw is the water activity of the aqueous solution, Mw is the molar mass of water, m;
is the molality of solute j in solution, and v; is the number of moles of ions into which one
mole of solute disassociates (v; = 1 for organics). The osmotic coefficient allows more
sensitive parameterization of activity coefficient models than activity alone, and is

frequently used in this work.

1.3 Scientific Background and Motivation for Modeling and Measurements.

This dissertation particularly focuses on thermodynamic properties of water-
soluble organic acid and sulfate aqueous solutions in order to better understand water
uptake and phase of organic-inorganic aqueous systems. Key aqueous solution
thermodynamic properties depend upon the type and concentration of solute molecules,
and the temperature and relative humidity conditions. Predictive models for
thermodynamic properties are governed by the molecular scale interactions of the organic,

inorganic, and water molecules.

Water-soluble organic compounds are important in aerosols. Field measurements
of aerosol particles and time-of-flight mass spectrometric measurements show that both
organic and water-soluble inorganic compounds (aqueous ammonium and sulfate are a
significant fraction) are important.2+2° It is found that substantial amounts of dicarboxylic
acids are present in the water-soluble organic fraction of aerosol particles in the
atmosphere.?’ Collected aerosol samples have been analyzed by gas chromatography?®, and
C2 — Cuo dicarboxylic acids have been detected in these samples. Phase transitions have

been both measured®®?*-3! and thermodynamically modeled®*=" in binary ammonium



sulfate (AS) ((NH4)2SO4/H20) system and ternary organic/(NH4)2SO4/H20 system as a
function of RH. Liquid-liquid phase separation has also been studied in mixed
organic/inorganic atmospheric aerosol particles.®4° Thermodynamic calculations suggest
that mixed solutions separate into organic- and inorganic-rich phases, increasing organic

partitioning into the condensed phase by 50%.6:41

Organic acids make up an important fraction of atmospheric aerosol composition.
The total amount of organic carbon in aerosol particles has been estimated to account for
anywhere between 10 and 65% of the total aerosol mass.*? Dicarboxylic acids and other
organic acids represent a major component of the total organic carbon mass in the
atmosphere and are integral to many of the processes of atmospheric aerosol formation and
growth as well as the properties expressed by the aerosols. For example, for cloud
condensation nuclei (CCN) in the atmosphere, dicarboxylic acids are potentially as
important as sulfates.*® Studies have shown that dicarboxylic acids can reduce the surface
tension and hygroscopic property of CCN, affecting cloud formation and optical
properties.** The most abundant dicarboxylic acids found in atmospheric aerosols are
oxalic acid (C2), malonic acid (C3), and succinic acid (C4) that comprise more than 80%
of the total diacid concentrations. Measurable amounts of acids having higher carbon

numbers, e.g., C5, C6, are also present in atmospheric aerosols.?845-47

Given the abundance and importance of organic acids in atmospheric aerosols,
measurements and models of thermodynamic properties of the organic species in solution
are essential for accurate predictions of the gas/particle partitioning and aerosol size

distribution and composition.®® Experimental thermodynamic studies include
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investigations into vapor pressure measurements and hygroscopic properties.*3>> Soonsin
et al.®8 reported that organic acids with an even number of carbon molecules (“even acids”,
e.g., succinic acid) are less soluble in water and have lower vapor pressures than odd acids.
In a study of growth factor of hygroscopic acids such as malonic acid, citric acid, and malic
acid, Peng et al.*® found that these water-soluble organic acids at low concentrations
contribute less than inorganics to the hygroscopicity of atmospheric aerosols. Extended to
ternary systems, Beyer et al.°®>® and Pearson and Beyer® studied thermodynamic
properties of dicarboxylic acids/ammonium sulfate/water mixtures using differential
scanning calorimetry and infrared spectroscopy of thin films. They have reported water
activities and solid/liquid ternary phase diagrams for systems having dicarboxylic acids
like malonic, glutaric, maleic, and succinic acids below 300 K. Bilde et al.*>® have reviewed
experimental measurements of equilibrium vapor pressures from evaporation rate of
straight-chain dicarboxylic acids with water and inorganics. They found that for estimation
of equilibrium vapor pressure, knowledge of the phase state of mixed organic-inorganic

particles, is essential.

1.3.1 Modeling of aqueous aerosol activity and water content.

Predicting activities of aqueous solutions to understand thermodynamics of aerosol
particles is important. In this dissertation, the equilibrium solution properties of aqueous
droplets that mimic chemical components in atmospheric aerosols, mainly sulfates and

organic acids, are predicted.

Thermodynamic models allow estimation of equilibrium solution properties such

as osmotic coefficient and activity of organic solute compounds. Fully predictive models,
9



like UNIFAC, can predict activity coefficients with moderate success based on
parametrization that describes the energetic interactions between individual functional
groups.>® Due to the absence of a separate structure group for CHz, Peng et al.*® modified
the standard UNIFAC parameter set by fitting the model with measured water activity data
of dicarboxylic acid aqueous solutions. It is important to note that UNIFAC and UNIFAC-
Peng models assume nondissociation for dicarboxylic acids. The more accurate Redlich-
Kister (RK) expansion equation®’ is used to predict osmotic coefficients and activities of
aqueous binary dicarboxylic acids at 298.15 K and also of aqueous mixtures of acids and
salts for both nondissociating and dissociating acids, however, with an increased number

of adjustable binary and ternary parameters.3334

Recently, adsorption isotherm models using statistical mechanics were used to
model thermodynamic properties of solutions with very low water content. In this
framework, solutes were the adsorbents, which were “hydrated” by water molecules in
multilayer lattice formation.5¥%° The framework consisted of two main energetic
interaction terms: long range Debye-Hiickel and short-range adsorption. Debye-Huckel
theory describes non-ideal behavior by the Coulomb potential of the hard charged spherical
ions in a continuous dielectric medium, such as water.®° It is also used in other available
thermodynamic models for Gibb’s energy®®? consisting of the excess Gibbs-Margules
expansion for short range forces and Debye-Hiickel terms, which successfully predict
water activity of inorganic aqueous electrolyte solutions. In the adsorption isotherm model,
however, the short-range adsorption interaction is used, versus a more empirical Margules

expansion. For the adsorption treatment, an associated energy parameter for each sorption
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layer was initially determined by an empirical power law model (for various electrolytes,
organics and mixtures),® and then by a more accurate short range Coulombic interactions
model (for symmetric 1-1 electrolytes and various organics),® reducing the number of
model parameters. The advantage of the Coulombic model is that it provides physical

interpretations of the model parameters by relating them to structure properties.

1.3.2 Measurements of aqueous droplet phase.

In addition to predicting activities of aqueous solutions, this dissertation also
advances understanding in aerosol phase through experimental microfluidics. In this
dissertation, droplets that mimic atmospheric aerosols to determine their compositions at
varied RH until solidification (efflorescence) are also studied. Direct measurements of
water loss properties allow estimation of phase behavior of atmospheric aerosol particles

with respect to ambient RH.

Using fluorescence microscopy, it has been shown that liquid-liquid phase
separation (LLPS) occurs in samples of ambient aerosol particles.*® In particular, LLPS is
known to occur in mixtures of organic and inorganic compounds, as shown by laboratory
studies of particles composed of inorganic salts mixed with organic species.3®6>68 The
studies have provided information on the dependence of phase separation on the elemental
oxygen to carbon ratio (O/C) ranging from 0.3 to 1.33, and the number of organic species.%
Liquid-liquid phase separation was always observed for organic species having O/C values
less than 0.5, never for values greater than 0.8, and for some species 0.5 < O/C < 0.8
depending on the type of functional group. Results also suggested that the number of

organic species in a single particle does not affect phase separation significantly.®
11



A recent study of single aerosol droplets trapped using optical tweezers coupled with
Raman spectroscopy®® 't sheds light on the separation relative humidity (SRH) and
morphology of phase-separated particles. SRH of aqueous aerosol droplets with PEG-
400/AS and C6-dicarboxylic acids/AS were measured using optical tweezers for organic-
to-inorganic dry mass ratios (OIR) ranging from 0.11 to 9.2 Phase separation was observed
for the PEG system at intermediate OIR, and for the diacids system at OIR 0.2 and 0.5.
SRH for the diacids system was significantly lower than the PEG system, and the different
morphologies in both the systems observed were core-shell, core-shell with inclusions and

partial engulfment.

Experimental thermodynamic measurements for estimating water activities,
evaporation rates and hygroscopic growth of diacid — salt systems have also been
reported.?>737* Physical states of atmospheric aerosol particles have been studied using
electrodynamic balance and optical microscopy.”” " It was found that, for mixed
organic/AS aqueous solution, efflorescence (of the AS phase) always occurred in systems
that first underwent liquid-liquid phase separation. In contrast, efflorescence was not
necessarily observed for systems where LLPS did not first occur. Therefore, it is suggested
that LLPS facilitates efflorescence of a mixed organic/AS solution.® Complex mixtures of
C5 — C7 dicarboxylic acids having varied O/C mixed with AS using optical microscopy
and Raman spectroscopy have been studied showing different behavior of phases.®® The
studies report that liquid-liquid phase separation occurs for compounds that have O/C ratios

< 0.7 in mixed tropospheric aerosols.
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Finally, in addition to dicarboxylic acids that are produced in the atmosphere by
biomass burning and photochemical chain reactions or photooxidation of organic
precursors,284546.78.79 yolatile organic compounds (VOCs), for example isoprene (2-
methyl-1,3-butadiene, a biogenic non-methane hydrocarbon emitted into the
atmosphere),?° act as precursors and oxidize to yield secondary organic aerosol (SOA).8
8 Likewise, sea spray aerosols play a significant role in forming complex mixture particles

(e.g. composition, structure) in the atmosphere.

1.4 Scope of this Dissertation.

The aim of this dissertation is to study and predict thermodynamic properties of
aqueous aerosol particles in the atmosphere over the entire range of relative humidity, for
a wide range of inorganic and organic compounds that totally dissociate, partially
dissociate, or do not dissociate. The research is motivated by the lack of accurate
predictions at low relative humidities when the droplets could be at supersaturated states.
The model developed in this work is based on adsorption isotherms because it yields
accurate predictions at supersaturated conditions. Further, the goal of this work is to better
understand the role of organic compounds in ternary mixtures containing both inorganic
and organic species. Microfluidic measurements complement the model predictions and
provide an advanced understanding of various aerosol phase states at atmospherically
relevant conditions.

The goal of this dissertation is accomplished by model predictions and

measurements as indicated in the following outline.
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In Chapter 2, a Coulombic model based on multilayer adsorption has been
developed for prediction of equilibrium solution thermodynamic properties such as
osmotic coefficient and solute activity for water-soluble organic compounds with partial
disassociation (e.g. organic acids, such as dicarboxylic acids). The model here is also
extended for parameter reduction through physical interpretation. In addition, an improved
reference state has been projected for ternary mixtures containing organic-inorganic
species. The work presented in Chapter 2 has appeared in Nandy, L.; Ohm, P. B.; Dutcher,
C. S. Isotherm-Based Thermodynamic Models for Solute Activities of Organic Acids with
Consideration of Partial Dissociation. J. Phys. Chem. A 2016, 120 (24), 4147-4154. The
Coulombic model has been extended in Chapter 3 to include asymmetric electrolytes (e.g.
ammonium sulfate and sulfuric acid). Particularly for sulfate systems, sulfate partitioning
is explicitly treated here by the model. The work presented in Chapter 3 has appeared in
Nandy, L.; Dutcher, C. S. Isotherm-Based Thermodynamic Model for Solute Activities of

Asymmetric Electrolyte Aqueous Solutions. J. Phys. Chem. A 2017, 121 (37), 6957-6965.

In Chapter 4, the adsorption isotherm model is applied to single particle
measurements to estimate pH of acidic particles, to study aerosol hygroscopicity, and to
interpret optical tweezer measurements of gas-particle partitioning with ternary aqueous
solutions of sucrose/organic acid, in collaborative studies. The modeling work presented
in Chapter 4 is used to inform measurements by collaborators, and has appeared as a part
of Rindelaub, J. D.; Craig, R. L.; Nandy, L.; Bondy, A. L.; Dutcher, C. S.; Shepson, P. B.;
Ault, A. P. Direct Measurement of pH in Individual Particles via Raman

Microspectroscopy and Variation in Acidity with Relative Humidity. J. Phys. Chem. A
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2016, 120 (6), 911-917; Craig, R. L.; Nandy, L.; Axson, J. L.; Dutcher, C. S.; Ault, A. P.
Spectroscopic Determination of Aerosol pH from Acid-Base Equilibria in Inorganic,
Organic, and Mixed Systems. J. Phys. Chem. A 2017, 121 (30), 5690—5699; Marsh, A.;
Miles, R. E. H.; Rovelli, G.; Cowling, A. G.; Nandy, L.; Dutcher, C. S.; Reid, J. P. Influence
of Organic Compound Functionality on Aerosol Hygroscopicity: Dicarboxylic Acids,
Alkyl-Substituents, Sugars and Amino Acids. Atmos. Chem. Phys. 2017, 17 (9), 5583—
5599; Craig, R.; Peterson, P.; Nandy, L.; Lei, Z.; Hossain, M.; Camarena, S.; Dodson, R.;
Cook, R.; Dutcher, C. S.; Ault, A. Direct Determination of Aerosol pH: Size-Resolved
Measurements of Submicron and Supermicron Aqueous Particles. Ana. Chem. 2018 (under
review); and Marshall, F.; Berkemeier, T.; Shiraiwa, M.; Dutcher, C. S.; Nandy, L.; Ohm,
P.; Reid, J. P. Influence of Particle Viscosity on Mass Transfer and Heterogeneous
Ozonolysis Kinetics in Agueous-Sucrose-Maleic Acid Aerosol.
Phys.Chem.Chem.Phys.2018, 20, 15560-15573. Chapter 5 presents the ongoing and future
directions of the modeling efforts, and provides an overview of temperature-based studies
to better understand behavior of aerosol particles in the troposphere, and subsequent

development of temperature-dependent Coulombic model.

In Chapter 6, a biphasic microfluidic approach has been used to study relative
humidity dependent phase behavior (efflorescence and LLPS) and water content of
aqueous mixtures of salt and organic compounds of varied ratios. The work presented here
has appeared in Nandy, L.; Dutcher, C. S. Phase Behavior of Ammonium Sulfate with
Organic Acid Solutions in Aqueous Aerosol Mimics Using Microfluidic Traps. J. Phys.

Chem. B 2018 122 (13), 3480-3490. Chapter 7 highlights preliminary results of phase
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behavior with secondary organic aerosol (SOA) and sea spray aerosol (SSA) real sample
experiments. Finally, Chapter 8 summarizes the conclusions of this dissertation and
provides an outlook on the future scope of these studies.

Additional results from Chapters 2, 3 and 6 are shown in Appendix A, B and C
respectively; the MATLAB codes for model development are in Appendix D; and the
copyright permissions are stated in Appendix E.

Overall, this dissertation incorporates material from seven papers by the author.’486-%
Chapters 2, 3 and 6 use material from Nandy et al. 2016, Nandy and Dutcher 2017, and
Nandy and Dutcher 2018 respectively. Some material from each of these three papers has
also been incorporated into this introductory chapter. Finally, Chapter 4 is based on
Rindelaub et al. 2016, Craig et al. 2017, 2018 (under review), Marsh et al. 2017 and
Marshall et al. 2018, coauthored with researchers from Professor Andrew Ault’s group and
Professor Jonathan Reid’s group at University of Michigan and University of Bristol,

respectively.

Few parts of this chapter are adapted with permission from (1). Nandy, L.; Ohm, P. B.;
Dutcher, C. S. Isotherm-Based Thermodynamic Models for Solute Activities of Organic
Acids with Consideration of Partial Dissociation. J. Phys. Chem. A 2016, 120 (24), 4147—
4154. Copyright (2016) American Chemical Society. (2). Nandy, L.; Dutcher, C. S.
Isotherm-Based Thermodynamic Model for Solute Activities of Asymmetric Electrolyte
Aqueous Solutions. J. Phys. Chem. A 2017, 121 (37), 6957-6965. Copyright (2017)

American Chemical Society. (3). Nandy, L.; Dutcher, C. S. Phase Behavior of Ammonium
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Sulfate with Organic Acid Solutions in Aqueous Aerosol Mimics Using Microfluidic
Traps. J. Phys. Chem. B 2018 122 (13), 3480-3490. Copyright (2018) American Chemical

Society.
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Chapter 2

Isotherm-Based Thermodynamic
Models for Solute Activities of
Organic Acids with Consideration of

Partial Dissociation®

"Adapted with permission from Nandy, L.; Ohm, P. B.; Dutcher, C. S. Isotherm-Based
Thermodynamic Models for Solute Activities of Organic Acids with Consideration of
Partial Dissociation. J. Phys. Chem. A 2016, 120 (24), 4147-4154. Copyright (2016)

American Chemical Society.

18



2.1 Introduction

Organic acids make up a significant fraction of the organic mass in atmospheric
aerosol particles. The calculation of gas-liquid-solid equilibrium partitioning of the organic
acid is therefore critical for accurate determination of atmospheric aerosol physicochemical
properties and processes such as new particle formation and activation to cloud
condensation nuclei. Previously, an adsorption isotherm based statistical thermodynamic
model was developed for capturing solute concentration—activity relationships for
multicomponent aqueous solutions over the entire concentration range,>®°%% with model
parameters for energies of adsorption successfully related to dipole-dipole electrostatic
forces in solute-solvent and solvent-solvent interactions for both electrolytes and
organics.% However, careful attention is needed for weakly dissociating semivolatile
organic acids. Dicarboxylic acids, such as malonic acid and glutaric acid are treated in this
chapter as a mixture of nondissociated organic solute (HA) and dissociated solute (H* + A"
) as shown in Figure 2. 1. It was found that the apparent dissociation was greater than that
predicted by known dissociation constants alone, emphasizing the effect of dissociation on
osmotic and activity coefficient predictions. To avoid additional parametrization from the
mixture approach, an expression was used to relate the Debye-Hiickel hard-core collision
diameter to the adjustable solute-solvent intermolecular distance. An improved reference
state treatment for electrolyte-organic aqueous mixtures, such as that observed here with
partial dissociation, has also been proposed. The work results in predictive correlations for

estimation of organic acid and water activities for which there is little or no activity data.
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Figure 2. 1. Adsorption isotherm model framework for an organic acid treated as a mixture
of nondissociated organic solute (HA) and dissociated organic solute (H+ + A-).

Recently, multilayer adsorption isotherm-based modeling was developed by Dutcher
and co-workers®®%983 to predict osmotic coefficients and activities of binary and ternary
aqueous mixtures. Previous work by Ohm et al.%* detailed the introduction of a Coulombic
interaction for determining the energy parameters for the sorption of water onto a solute
molecule, reducing the number of adjustable parameters per solute to as low as two: (1)
the intermolecular distance between the solute and water molecule in the first adsorption
layer and (2) the solute dipole moment (organics) or Debye-Hiickel closest approach
parameter (electrolytes). However, the binary Coulombic isotherm model is unable to
accurately predict the properties of some organic acids such as malonic or glutaric acid
when the acid is treated as a neutral, nondissociating molecular solute. In this chapter, the
effect caused by partial dissociation of weak acids in solutions is treated by extending the
model to treat acids as a mixture of nondissociated organic solute (HA) and dissociated
organic solute (H* + A") as shown in Figure 2. 1.
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2.2 Theoretical Treatment of Partial Dissociation in Adsorption Isotherms
A multilayer adsorption isotherm-based model for predicting activity coefficients of
aqueous solutions was derived by Dutcher et al. %3°953 The model parameters include the

energy of adsorption parameter, C;;, related to the energy change from the sorption of a

water molecule from the bulk water onto the respective hydration shell, i, of solute j

Ag;; (2.1)
6= exe (37

where Ag; ; is the difference in energy between a sorbed water and a free water molecule
in the bulk, k = 1.38 x 10 J K™! (Boltzmann’s constant), T is temperature. It should be
noted that in the limit of Ag;; = 0 for all layers and all solutes, meaning there is no energy
change associated with the sorption of water molecules with a solute, the adsorption
isotherm model reduces to the ideal mixing model on a mole fraction basis. The isotherm-
based model was originally implemented using two different approaches to the

determination of the energy C;; parameters. The first approach was to treat each C;; value
as a separate fit parameter, fitting all C; ; values individually, resulting in moderate to good

predictions with, however, a large number of fit parameters with no physicochemical
interpretation. The second approach was to use a power law relationship to calculate the

C;; parameters, where the first C;; value (C; ) was fit and the subsequent C;; parameters

were calculated using the following relationship:

G = (/)" 2.2
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where P; is a fit parameter, n; is the number of sorption layers surrounding solute j, and
i=23,..,(nj—1). The power law expression significantly reduced the number of
empirical parameters in the energy calculations to three: Cj,, Pj, and nj. The
phenomenological explanation of a power law fit is to cause the energy C;; parameters to

decay toward unity as the solvent molecule moves further from the solute particle. Results

for model predictions using the empirical “all C;;” and phenomenological “power-law”

expressions for the C;; parameters are shown in Appendix A.

Recently, the Coulombic method for determining the energy C;; parameters was
derived,® on the basis of physicochemical solution properties. Here, the model is applied
to the organic acid systems, first treating the organic acids as neutral solute with no
dissociation. The models are fitted to molality-based osmotic coefficients at 298.15 K taken
from the literature. Because osmotic coefficients depend on the natural logarithm of the
water activity,® they illustrate deviations of the model from the experimental data more
sensitively, versus more simple concentration—water activity (plots in Appendix A)
relationships. Results are shown in Figure 2. 2 and Figure 2. 3, where the use of a
nondissociating Coulombic fit successfully predicted the osmotic coefficient behavior for
acetic acid, butyric acid, citric acid, malic acid, and succinic acid (Figure 2. 2), but not for
acids like malonic acid and glutaric acid (Figure 2. 3). Although the model accurately
predicts the correct limiting values for malonic acid, the fit fails to replicate the dip and
peak of the osmotic coefficient data. Likewise, the Coulombic fit for glutaric acid is unable
to match the quickly decreasing osmotic coefficient at low mole fraction solute and shifts

the osmotic coefficient peak into a higher mole fraction range ignoring the peak shown in
22



the data. In general, the drop in the osmotic coefficient at low concentrations in the data
indicates electrolyte-type behavior, which cannot be predicted by treating the organic acid

as a purely neutral solute.

Organic acids, such as malonic acid and glutaric acid, are known to partially
dissociate into ions. Hence, a treatment incorporating the partial dissociation of organic
acids should be used in the context of the Coulombic model.%* In the Coulombic-based
adsorption isotherm model,®* the number of parameters needed to model organics is

reduced to two parameters (rj,, n;). In addition, the model for electrolytes has been
reduced to three parameters (7;,,, pj, n;), where 7;,,, is the intermolecular distance between
solute j and solvent w, and parameter p; can be related to the hard-core collision diameters

of the solute ions. The isotherm model egs (2. 3) — (2. 9) using Coulombic interactions for

the energy parameters are as follows:>8>9.63.64

1-a, n] 1
(i) (-2 (@00 - 60 M 6.)
] (1-a,)?X (p(aw)p B, Cix) + (2.3)

((n] -1)- (n] - Z)aw) (@) HZ] 11

m;
ﬁ = 1 (2 4)

j ]
a, = a,K2H (2.5)

where M,, (kg mol?) is the molecular weight of the solvent (water), a,, is the water activity

of the mixture on a mole fraction basis and is equal to the relative humidity in the gas phase
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above a mixture, m; is the molality of the solute j in solution, m; is the molality of the

solute j in a pure aqueous solution at the a,,, of the mixture normalized by the long-range

Debye-Huickel term, and K2H is given by

(2. 6)

Al 35(v Nz |24 /(1 + pjlxl/z))>

KDH —
v eXp( 2 viN; + Ny,

where Ax is the Debye-Hiickel coefficient on a mole fraction basis, equal to 2.917 at 298.15
K, I, is the mole fraction ionic strength of the solution in terms of molalities of solutes

Yjvimjlzj-|z;4

s omim, U is the stoichiometric coefficient of
J 71" w

present, defined by [, = (%)
solute j, which is the number of moles of ions formed from 1 mol of fully dissociated solute

J, N; is the number of molecules of solute j, N,,, is the number of water molecules, z;+ is the

normalized charge on the cation of dissociated solute j, and z;- is the normalized charge

on the anion of dissociated solute j.

. DZ DZ
Comexp (( Wty [T ) /kT> 2.7

4nso(rjw + (i — 1)rww)3 4mreg (i - Tyw)®

i+ a- = qe(73,)/D (2.8)

tna = (1, /2.0234)° (2.9)

where y; is the dipole moment of solute j, 7ww = 2.82 x 107 m, uw = 2.9, ¢, is the
permittivity of free space, 4mso=1.113 x 10"1° C2N-*m2, D is a unit of conversion (Debye),

D =3.33564 x 10%° C m, g = 1 is the charge for 1:1 electrolytes, e = 1.60218 x 10™° C is
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the elementary charge, subscript H*A" is for the dissociated solute, and subscript HA is for
the neutral solute. Note that eq (2. 8) has a slightly different form than the Coulombic

model in Ohm et al .

If a partially dissociating organic solute is modeled as a mixture of a dissociated
organic solute (modeled as an electrolyte) and a nondissociated organic solute (modeled as
an organic), an additional parameter, S, that indicates the solute concentration ratio and is
a function of concentration, is required. Therefore, it initially gives the model a total of six
parameters: three fit parameters (7, na, Tjwu+a-,p) and three adjustable parameters
(nyga, ng+a-, B)- Writing out eq (2. 4) for a partially dissociated organic acid gives the

following

o —0
Myp  My+p-

where B = my+,-/mya is the solute concentration ratio of dissociated acid to

nondissociated acid.

Ideally, the known dissociation constants, K, could be used in the determination

of the solute concentration ratio, 8. The molality-based dissociation constant, K, is given

by

K, = Zarda (2. 11)

where a is the activity of each component on molality basis, defined by a = mﬂy, mg IS
(C]

a unit molality of 1 mol/kg and y is the molality-based activity coefficient (calculated from
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eq 30 of Dutcher et al.®®). Assuming that the only source of hydrogen ions is from the first
dissociation of the organic acid (because K,, << K,,),* it is found that my+ = m,-, and
that the concentration of nondissociated acid, myy,, IS equal to the provided data
concentration minus the concentration of dissociated acid. Substituting these equations for
my+ and my, into eq (2. 11) results in a polynomial in terms of m,- that can be solved

for each data point, giving a concentration dependent solute concentration ratio.

However, when K, is used to determine the concentration dependent solute
concentration ratio, the resultant predictions were nearly identical to the nondissociating
fits in Figure 2. 2 and Figure 2. 3, except at very dilute concentrations. The concentration
of dissociated organic acid was too low in the limit of ideal mixing (in the order of 10) to
have any impact, indicating that the apparent dissociation is greater than the actual
dissociation. Instead, a higher solute concentration ratio value is used, which, for
simplicity, is considered constant for all solute concentrations. The static dissociation ratios
(neutral solute concentration:dissociated solute concentration) tested here include 1:0.5 and
1:0.1 (organic:electrolyte). The dissociation constants (K,) from literature,® with pK, (-
log K,,) values ranging from 3 to 5 (depending on the acid) were higher from dilute to high
concentration range, except at extreme dilute concentrations. The range of values for pK,
with the assumption of the above two constant solute concentration ratios, 0.1 and 0.5,
were found to be in the range 1 - 3. As the model is only applied to weak acids, for which
pK, is generally between -2 and +12,°! the assumption made is reasonable. Note that,
because f is treated as a constant, the degree of dissociation will also remain constant,

which is generally defined as the ratio of concentration of the dissociated solute to the
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initial concentration of the solute, i.e., my+5-/(mya + Mmy+4-). For example, for § =
0.5, the degree of dissociation is calculated to be 1/3. Similarly, for § = 0.1, the degree of

dissociation is calculated to be 1/11.

osmotic coefficient (¢)

%0 0z 04 o8 o8 10
solute mole fraction (x)

Figure 2. 2. Osmotic coefficient (¢ =-In (a,,)/M,, ¥.; vym;), plotted against the solute mole
fraction (x = X; vym;/(X; vym; + 1/M,,)) at 298.15 K. The model calculates the energy C; ;
parameters using Coulombic interactions (eq (2. 3)). Lines: black solid, acetic acid; brown
dash, butyric acid; green dot, citric acid; purple dash-dot, malic acid; cyan dash-dot-dot,
succinic acid. Symbols: black square, acetic acid experimental data; brown circle, butyric
acid experimental data; green triangle, citric acid experimental data; purple diamond, malic
acid experimental data; cyan inverted triangle, succinic acid experimental data, where

references for the experimental data are given in Table 2. 1.
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Figure 2. 3. Osmotic coefficient plotted against the solute mole fraction at 298.15 K (see

caption from Figure 2. 2). The model calculates the energy C;; parameters using

Coulombic interactions (eq (2. 3)). Lines: red dash, glutaric acid; blue dash-dot, malonic
acid. Symbols: red square, glutaric acid experimental data; blue circle, malonic acid

experimental data, where references for the experimental data are given in Table 2. 1.

The partial dissociation model predictions for acetic acid, butyric acid, citric acid,
malic acid, and succinic acid, shown in Figure 2. 4 and Figure 2. 5 are in agreement with
available data across the entire concentration range, much like their equivalent Coulombic
predictions. The mean square errors (MSE) are of the same order, as can be seen in Table
2. 1. For these organic acids, both dissociation ratios, 1:0.1 and 1:0.5, resulted in model
predictions that were in agreement with the available data, with the lowest best fit
dissociation ratio shown in Figure 2. 4 and Figure 2. 5 (dash-dot-dot lines in gold color).
The partial dissociation model applied to malonic and glutaric acids (Figure 2. 6), shown
with a 1:0.5 ratio, resulted in a remarkable improvement in predictions across the entire
available data range, including the expected limiting conditions at high solute

concentrations.
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Figure 2. 4. Osmotic coefficient plotted against the solute mole fraction at 298.15 K (see

caption from Figure 2. 2), comparing different models for (a) acetic acid, (b) butyric acid,
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and (c) citric acid. Lines: red solid, UNIFAC (AIOMFAC);%93252 magenta dash-dot, eq
(2. 3); gold dash-dot-dot, eq (2. 10) (three-fit); maroon short-dash, eq (2. 10) (two-fit); cyan
dash-dot-dash, eq (2. 10) (one-fit); black squares, experimental data, where references for

the experimental data are given in Table 2. 1.
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Figure 2. 5. Osmotic coefficient plotted against the solute mole fraction at 298.15 K (see
caption from Figure 2. 2), comparing different models for (a) malic acid and (b) succinic
acid. Lines: red solid, UNIFAC (Peng et al.);**?% green dash, E-AIM (RK)%*?% no
dissociation; blue dotted, E-AIM (RK)3*2% dissociation; magenta dash-dot, eq (2. 3); gold
dash-dot-dot, eq (2. 10) (three-fit); maroon short-dash, eq (2. 10) (two-fit); cyan dash-dot-
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dash, eq (2. 10) (one-fit); black squares, experimental data, where references for the

experimental data are given in Table 2. 1.

2.3 Model Parameter Reduction

A general trend of 7, y+a- = 27, 14 Was observed when the partial dissociation was

applied (cf. parameter values in Table 2. 1). The constraint reduces the number of fit
parameters by one, and results in excellent agreement across all acid systems (Figure 2. 4
— Figure 2. 6) (short-dash lines in maroon color), with the exception of butyric acid and
citric acid. The model agrees with the available data and with the expected limiting
conditions with dissociation ratios 1:0.5. It should be noted that for glutaric acid, the

constrained model fails at dissociation ratios less than 1:0.5.
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Figure 2. 6. Osmotic coefficient plotted against the solute mole fraction at 298.15 K (see
caption from Figure 2. 2), comparing different models for (a) glutaric acid and (b) malonic
acid. Lines: see caption from Figure 2. 5. Black squares, experimental data, where

references for the experimental data are given in Table 2. 1.

To reduce the number of adjustable parameters further, the Debye-Hiickel
parameter p was re-examined. Up until this point, the parameter p has been treated as

either a constant®62% or as a fit parameter, as was done in Coulombic fit.5* A theoretical
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derivation of p performed by Pitzer and Simonson® gives us the following definition of p

in terms of the hard-core collision diameter of the solute:

p = a(2e?*N,d,/M,,D,kT)*/? (2.12)

where a is the hard-core collision diameter, e is the electronic charge, k is Boltzmann’s
constant, T is the Temperature, ¢, is the permittivity of free space, N, is Avogadro’s
number, d; is the density of the solvent, M, is the molecular weight of the solvent, and D,

is the dielectric constant (relative permittivity) of the solvent.

Here, the nondissociated organic radius, 7;,, ya, Was used as the hard-core collision
diameter for the solute ion. Using 7;,, 44 as the hard-core collision diameter in eq (2. 12)
and forcing 7, y+a- t0 be twice 7j,, ya, it is, for a given ny,, ny+,-, and B, possible to
obtain a model that has a single fit parameter, 7;,, ya. Remarkably, even with adjustments
to the model making it a “single parameter” model, the predictions for acetic and succinic
acids (Figure 2. 4a and Figure 2. 5b) (dash-dot-dash lines in cyan color)) and malonic and
glutaric acids (Figure 2. 6) remain very similar to their predictions when p was used as a
fit parameter (two-parameter model), or even when the values for r;,, y+,- and 7;,, 4 Were
uncoupled (three-parameter model). With the approach discussed here, the reduction to a
single parameter has had little effect on the predictions or MSE of the model when

compared to the MSE of the partial dissociation model using three and two fit parameters.

The Coulombic model predictions for osmotic coefficient without dissociation (eq

(2. 3)), and with dissociation (eq (2. 10)) are compared with those from UNIFAC (Peng et
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al.),**2% and the extended AIM aerosol thermodynamics model, E-AIM (Redlich-Kister
expansion equation).®34253 As an example, it is observed for malonic acid that both the
dissociation models (three- and two-parameter fit) and the E-AIM (Redlich-Kister) model
were in good agreement with the osmotic coefficient data unlike UNIFAC alone, Figure
2. 6b. Similar comparisons for the other organic acids used in this study are given in Figure

2. 4, Figure 2. 5, and Figure 2. 6a.
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solute model? B NpaNp+a p Twia B Tjura- (A)  MSEP ref
acetic acid neutral 6° 2.280° 0.0360 96-98
mix (Nm = 3) 0.5 4,5 381.60¢ 3.939 8.715 0.0278
mix (Nm = 2) 05 4,5 14.567 4.234 8.468¢ 0.0294
mix (nm =1) 0.5 45 10.310¢ 4.200 8.400¢ 0.0317
butyric acid neutral 3¢ 11.57¢ 2.3430 %.97
mix (Nm = 3) 0.5 3,3 0.8500 0.526 7.619 2.5043
mix (Nm = 2) 05 3,3 4.48 x 10134 4.088 8.176° 2.7362
mix (nm = 1) 0.5 33 11.440° 4.663 9.326° 5.4590
citric acid neutral 9 5.000° 0.0297 3
mix (Nm = 3) 0.1 8,3 144.019 6.216 6.732 0.0343
mix (nm = 2) 0.1 8,3 405.66¢ 6.650 13.30¢ 0.0473
mix (nm = 1) 0.1 8,3 16.460¢ 6.710 13.42¢ 0.0491
malic acid neutral 4° 4.080¢ 0.0149 49,99-101
mix (Nm = 3) 0.1 45 207.52¢ 9.281 8.490 0.0493
mix (nm = 2) 0.1 45 116724 9.030 18.06° 0.0557
mix (nm = 1) 0.1 45 22.300¢ 9.090 18.18¢ 0.0571
succinicacid  neutral 10¢ 1.690¢ 0.0059 49,99,100,102
mix (nm = 3) 0.5 3,3 1.9 x 10°°4d 8.235 6.988 0.0047
mix (Nm = 2) 0.5 3,3 4279.94 3.628 7.256° 0.0117
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mix (nm = 1) 0.5 3,3 8.9100¢ 3.629 7.258° 0.0219

glutaric acid  neutral 7° 1.040° 0.0263 49,99,101
mix (nm = 3) 0.5 7.8 40.680 5.061 10.48 0.0072
mix (Nm = 2) 0.5 7,8 22.390 5.150 10.30¢ 0.0072
mix (nm =1) 05 7,8 12.860° 5.240 10.48¢ 0.0088

malonic acid  neutral 3¢ 7.090° 0.0990 49,99-101
mix (Nm = 3) 0.5 4,6 0.5500 3.944 6.292 0.0890
mix (Nm = 2) 0.5 4,6 5.5500 3.220 6.440° 0.0891
mix (nm =1) 0.5 4,6 8.2000¢ 3.342 6.684¢ 0.0903

Table 2. 1. Fitted Parameters at 298.15 K. #*‘neutral” model refers to eq (2. 3). “mix” model refers to eq (2. 10), where the organic acid

is treated as a mixture of neutral solute (HA) and dissociated solute (H*A™). nm is equal to the number of fit parameters. °"MSE is a
normalized mean-square error, equal to (i) Z?jl(( Mmodeli — Maata,i)/ (Mmoaer,i))* Where n, is the number of data points. “Neutral

model is not dissociated, so only one n and r;,, value. “Unrealistic value. *Calculated value.
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2.4 Fused Salt Reference State for Mixed Charge Type Solutions

It was observed that using equations from the activity model,®® the solute activities
were calculated to be greater than unity at the hypothetical pure liquid solute for certain
mixed charge type solutions, which is not accurate. One explanation for this occurrence is
the treatment of the reference state in the combined adsorption isotherm-Debye-Hiickel
model. The ionic strength of a ternary solution on a mole fraction basis over all solutes j

consisting of ionic species in terms of molalities of solutes present®®1% is defined by

I, = (E)ZJ”J‘NJ|ZJ—|ZJ+ _ (1) X vjmylz;-|z; (2.13)

A fused salt reference state can be found at the limit of pure (single) solute (fused salt state)

on a mole fraction basis for a given solute j. The ionic strength is then given by

_ i _ (1 (2. 14)
x,j - NW—)O x'j - <§> |Z]_|Z]+

The Debye-Hiickel contribution for electrolyte solute j in a mixture uses the

reference state ionic strength for the solute j and is given by®

_ _ Vi
{ ( 2 1+ p,1,2 ) \ ]
S| — B
Pi \1+ IOjU;Ef)E
KjDH = | exp —Ax|zj_|zj+< ) 21, > |
| n B Zj—Zj+ z Vi Nic| - Zpe4 |
\ i \ Zk(kak) + NW % le% <1 + pklx%)J _/

(2. 15)
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for an electrolyte solute j and

Vi Nie|Zge | 2yt (2. 16)
T

(1+put2)

\ Yk(WNg) + N,

1
Axlx2 Zk

I(jDH = exp

for a nonelectrolyte solute j in a solution containing electrolytes. Expressions (2. 15) and
(2. 16) are used in calculations of activities and activity coefficients at the fused salt

reference state.51:63

However, in a ternary mixture solution, the ionic strength of the mixture of a fixed

solute molar ratio at fused salt state could instead be given as

IFS = lim I
x,mix NW—>0 X

_ (1) ZjviNjlzi-lzjs _ (1) %javjlzj-|zj+ (2.17)

mix — oy N 1
2 YjvjNj 2 Yjajvj

where «; is the fraction of moles of solute j to the total number of moles of solutes in the

mixture. Note that for fixed solute molar ratios, If5,;, is a constant value. For example,

. . _— . . 1 At =Vt 41—
for a partially dissociating organic acid as treated here, I53 . = (—) HT A" HY A
’ 2 (J{H+A—17H+A—+ agA

(1) Bv”#. Therefore, the ionic strength of the mixture at a fused salt reference state
2/ (Bvy+a-+1)

xX,mix x,mix?

would be I"¢._ = [FS . instead of%.

For a system where the reference state is defined by the limit where the amount of

water goes to zero, for a fixed molar ratio of solutes, the Debye—Hiickel contribution®® for
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electrolyte solute j in a mixture can be recast by replacing I;j.f with 7% and replacing

x,mix’

—lzj‘zlzj+ (from eq (2. 14)) with 155, (from eq (2. 17)), yielding

( 1 Y\
Eln 1+ pjlxz
Pj ref 1
1+ p]'(lx,mix)2
I<jDH =] exp —Ax|Zj_|Zj+< 1— {S‘x >
F
+ Ix,mix Z kaklzk—|Zk+
1 1
Zk(kak) + NW % lej (1 + kaxE)J
(2. 18)

where the summations are over all solutes k in the solution. Similarly, the Debye—Hiickel

term for nonelectrolyte solute j in a solution containing electrolytes is expressed by

Vi Nilz,_|z 2.19
(1~ 1) i) k=l @19
+ pk1x2>

KjDH = exp .
k L2k (v N) + Ny) )

Equation (2. 18) is a generalized equation where I;ﬁiixcan be calculated based on

the two reference states, fused salt or infinite dilution. All calculations in this work are

based on the pure solute (fused salt) reference state. For a reference state of infinite dilution

in the solvent, 1"¢/

+ I mix = 0. Inthe limit of a single solute, or in the limit of mixtures of solutes

of the same charge type, egs (2. 18) and (2. 19) reduce to egs (2. 15) and (2. 16). However,
for mixed charge type aqueous mixtures with a fixed molar solute ratio, eqs (2. 18) and (2.
19) may be more appropriate for studies of varied water content, or in aerosol science,

relative humidities with a fused salt reference state. Treatment of ternary mixture aqueous
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solutions using the model is not specific to partially dissociating organic acids, but an
alternative to treat mixture with two or more solutes having same molar ratio throughout,

including at the fused salt limit.

2.5 Conclusions

By accounting for partial dissociation of organic acids, the model has been able to
successfully capture the trends of osmotic coefficient of organic acids with only a small
increase in the number of parameters needed for the model. The partial dissociation
approach also implemented a theoretical equation for p, where previous models have
treated it as a constant or an empirical fit parameter. The partial dissociation model, like
the Coulombic binary model, has reduced the empirical dependence of the parameters by

providing physical interpretations of the fit parameters.

Outside of glutaric acid and malonic acid, the other dicarboxylic and carboxylic
acids modeled are capable of being modeled by the Coulombic interaction without the need
to account for dissociation. The predictions for glutaric and malonic acids are greatly
improved with the inclusion of partial dissociation. Despite the added complexity of
including partial dissociation, the number of fit parameters does not increase, and the
physicochemical relationships in the model are more accurately addressed. Compared to
the Coulombic model without partial dissociation, the only parameters that are added are
an additional n value and a term for the solute concentration ratio of dissociated acid to

nondissociated acid as a result of partial dissociation.
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Associated Content

Additional plots and tables in Appendix A - Figures of osmotic coefficient plotted versus
solute mole fraction for “all energy C;; parameters” fit and “power law” fit; figures of water
activity plotted against the solute mole fraction, comparing different models; tables of fitted
parameters at 298.15 K for each acid for “all energy C;; parameters” fit and “power law”

fit.
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Chapter 3

Isotherm-Based Thermodynamic
Model for Solute Activities of
Asymmetric Electrolyte Aqueous

Solutions’

TAdapted with permission from Nandy, L.; Dutcher, C. S. Isotherm-Based Thermodynamic
Model for Solute Activities of Asymmetric Electrolyte Aqueous Solutions. J. Phys. Chem.

A 2017, 121 (37), 6957-6965. Copyright (2017) American Chemical Society.

3.1 Introduction
Adsorption isotherm-based statistical thermodynamic models can be used to determine

solute concentration and solute and solvent activities in aqueous solutions. The number of
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adjustable parameters in the isotherm model of Dutcher et al.>®>%®3 was reduced for neutral
solutes as well as symmetric 1-1 electrolytes by using a Coulombic model to describe the
solute — solvent energy interactions.®*% In this chapter, the Coulombic treatment for
symmetric electrolytes is extended to establish improved isotherm model equations for
asymmetric 1-2 and 1-3 electrolyte systems. The Coulombic model developed here results
in prediction of activities and other thermodynamic properties in multicomponent systems
containing ions of arbitrary charge. The model is found to accurately calculate osmotic
coefficient over the entire solute concentration range with two model parameters, related
to intermolecular solute-solute and solute-solvent spacing. The inorganic salts and acids
treated here are generally considered to be fully dissociated. However, there are certain
weak acids that do not dissociate completely, such as the bisulfate ion. In this work, partial
dissociation of the bisulfate ion from sulfuric acid is treated as a mixture, with an additional
model parameter which accounts for dissociation ratio of the dissociated ions to non-

dissociated ions.

In Chapter 2, Coulombic interactions model for organic acids that partially dissociate
into 1-1 electrolyte was used to represent activity coefficients and solute concentrations by
treating the acids as a mixture of electrolyte and neutral non-dissociated organic.2® The
Coulombic isotherm model developed, when applied to salts, only treated symmetric 1-1
aqueous electrolyte solutions. However, ions common to atmospheric aerosols'® as well
as water treatment®® and desalination,?®%7 include mixtures of both symmetric and
asymmetric electrolytes. The difference in valency is important, as it produces a different
effect on aqueous solutions in a variety of applications from sea salt aerosols, soil

permeability, waste water treatment, rheology, drug delivery, and industrial discharge. For

43



example, it has been shown in a study on hygroscopic behavior'®® that NaCl-MgCl2 mixture
aerosol particles from sea salt particles can maintain an aqueous phase over a wider relative
humidity range than the pure NaCl particles, and hence will be more susceptible to agueous
heterogeneous reactions with gas phase. Even at very low relative humidities, Mg?* will
more readily remain in aqueous phase having a high surface tension and viscosity than that
of NaCl that crystallizes at higher relative humidity. In a study on nanoparticles from
industrial discharges and disposal of wastewater treatment effluents,% it is shown that the
presence of divalent cations promote destabilization of TiO2 nanoparticles in aqueous
solutions, which then enter natural aquatic systems and form agglomerates.*®® Finally, soil
permeability studies suggest improvements in water permeability when divalent calcium
and magnesium ions are in excess compared to monovalent sodium and potassium ions,
due to enhanced soil flocculation, and resultant enlarged porous chemical size, in the

presence of higher valency ions.!*°

In addition, crustal species like Ca?* and Mg?" may be in thermodynamic
equilibrium with atmospheric gases as they are a major component of ambient particles
from significant dust sources.!'! SCAPE2 gas-particle equilibrium model introduced these
water-soluble ions that affect aerosol chemistry in dusty regions for accurate estimation of
gas-aerosol equilibrium.*'? A considerable amount of the alkaline elements (Ca and Mg) is
in the form of carbonate. Hence, the gas-aerosol equilibrium models need to incorporate
carbonate and bicarbonate salts as well.}*® Size-resolved equilibrium model, e.g.
SELIQUID for treating crustal species assuming equivalent concentrations of sodium has
been developed,!'* although it introduces errors when concentrations of these species are

high. Other studies have showed that gas-aerosol partitioning of volatile or semi-volatile
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aerosol compounds are influenced by the concentration levels of alkaline cations.**® Since
partition prediction considering these materials is important, ISORROPIA Il was
introduced that could add the thermodynamics of the Ca?** Mg?* and SO4? aerosol systems

in addition to monovalent species.!®

In this work, the Coulombic model has been extended to calculate thermodynamic
properties of asymmetric (1-2 and 1-3) aqueous electrolyte solutions over the entire
concentration range at 298.15 K. The compounds studied include AI®*, Cr3*, Co?*, Cu?*,
Mn?*, Ni?*, Ba?*, Sr?*, Na*, K*, H*, Li*, NH4*, Mg?*, Ca?*, CI', Br, I', SO4*, NOs3", HSO4
, POs*, COs%. Partial dissociation of the weak acid bisulfate ion is also considered by
treating the system as a mixture of dissociated ions and non-dissociated bisulfate ion.
Although sulfuric acid is a strong acid, the bisulfate ion dissociates partially. Several
studies have considered partial dissociation of electrolytes in their model. Activity
coefficients have been derived using excess Gibb’s energy from infinite dilution in solvent
to electrolyte saturation, where both long range and short range interactions have been
considered to account for partial dissociation into ions at high electrolyte concentrations.*’
The aqueous electrolyte nonrandom two-liquid (NRTL) model is used to represent ionic
activity coefficients for study of partial dissociation of weak electrolytes.''® A recent model
predicts thermodynamic and volumetric properties of a partially ionized aqueous
electrolyte along with estimation of degree of dissociation at varying concentrations.!®
The approach has applications in the hydrothermal and geothermal processes where
understanding of electrolyte solution concentrations at high temperatures is required. The
model can predict properties in a wide range of temperatures, pressures, and concentrations

to represent nonidealities of aqueous electrolyte solutions. However, the model has more
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limited accuracy for some systems at very high electrolyte concentrations, which could be

especially important for atmospheric aerosols.

The work in this chapter successfully makes accurate model calculations of
thermodynamic properties for the entire range of electrolyte aqueous solution
concentrations containing ions of arbitrary charge. The development of the model
treatment for the energy parameters with asymmetric electrolytes is given in Section 3.2.
Resultant parameterizations in Sections 3.3 and 3.4 shed new insights on interactions

between solute and solvent, and between partially dissociated and non-dissociated ions.

3.2 Theoretical Development

Solution molality and solute activity are determined by previous models using
lattice adsorption isotherm-based statistical mechanics and long-range electrostatic
interactions.>®%%83 The model can incorporate an arbitrary number of hydrated layers, each
characterized by a sorption energy parameter that is determined by a power-law empirical

relationship.® The short-range sorption energy parameter C; ; is given by

1 D2 D2 3.1)
6o = exp (( Wb Pt ) /kT>

4meq (1, + (i — 1)7“,|,‘,V)3 4meo (i - yw)?

where, j is the solute, i is the hydration layer, u; is the dipole moment of solute j, uw = 2.9,
rww = 2.82 x 109 m, ¢, is the permittivity of space, 4meo = 1.113 x 109 C2Nm2, Dis a
unit of conversion (Debye), D = 3.33564 x 103 Cm, Tjw IS the intermolecular distance
between solute j and solvent w (here water), k = 1.38 x 1072} JK™! (Boltzmann’s constant),

T is temperature. It is assumed that all molecules, both solute and solvent are modeled as
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apparent dipoles, and that the adsorbed species is a ternary cation-water-anion cluster. It
is also assumed that the sorption energies are due to short-range dipole-dipole electrostatic

forces at the molecular level .8

() (b)

Solute Water
g e 0

7}'w

Figure 3. 1. (a) Schematic of a solute-solvent lattice model spacing for a 1-2 electrolyte (2
single-charged cations+1 double-charged anion or 1 double-charged cation+2 single-
charged anions). The solute is assumed to have ions arranged by an equilateral triangle of

side ‘a’ = 1j;+ 15, + r;_. Height of the triangle = r = \/2_§a = ‘/2—§ [rjj+ 1+ + 7;-], and

therefore, 7j,, =7 + ™% and p; =7 () where g = 2. (b) Schematic of a solute-solvent
lattice model spacing for a 1-3 electrolyte (3 cations+1 anion or 1 cation+3 anions). The

solute is assumed to have ions arranged by a regular tetrahedron of side ‘a’ = rj;+ 7j, +

V6 x/E[

rj_. Height of the tetrahedron = r = ——a = —[r;;+ 1j, + 1;_], and therefore, 75, =7 + Dww
3 3

T; G+ 2

JJ

and p;=r (%) where g = 3.

Here, for a 1-2 or 1-3 electrolyte, the apparent dipole moment is calculated by

considering the electrolyte as a solvent-separated ion cluster, given by

‘uj:r(‘;—e (32)
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where, q is the charge, valency of each side of the cluster separated by a characteristic
intermolecular distance r. In the case of 1-2 electrolytes q has a value of 2, and for 1-3
electrolytes it has a value of 3, e is the elementary charge, e = 1.60218 x 107%° C. For
example, a 1-2 electrolyte may have two single-charged cations (2 Na*) and a double-

charged anion (SO4%); so q will be 2. The characteristic cluster distance r is related to Tiw

by the following expression

Tww
Tiw =T + 2% (3.3)

r is obtained by assuming different ionic geometry for the 1-2 and 1-3 electrolytes as shown
in Figure 3. 1la and b, respectively, and is related to the total center-to-center distance
between the ions, a = 1j;+ r;, +7j_. 7;; is the interspatial distance between cation and anion,
and r;, and r;_ are the effective radii of the cation and anion, respectively. Note that 7;;
represents the distance between ions, r represents the distance between center of ion cluster

and water, and 7;,, represents the center-to-center distance between solute and water.

To apply this framework to the model, once the energy parameters (Eq (3. 1)) are
determined for the system, the same governing equations for asymmetric electrolytes are
used as were done for symmetric (1-1) electrolytes (eqs 27 and 28 of Dutcher et al. 2013)%2,
The equations, given below as equations (3. 4) and (3. 5), give the solution molality and
the solute activity of j in a pure aqueous solution at water activity of the mixture, a,,

normalized by long-range Debye-Huckel term.
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where M,, (kg mol?) is the molecular weight of the solvent (water), v; is the stoichiometric
coefficient of solute j. It is the number of moles of ions formed from 1 mole of fully
dissociated solute j. For a multicomponent system with arbitrary number of solutes, the

molality m; in the mixture can be found by using the following mixing model.®

L (3.6)
7 M
3.3 Model Parameterization and Results

The thermodynamic modeling has been applied to thirty-eight 1-2 electrolytes and
five 1-3 electrolytes, to determine osmotic and activity coefficients in aqueous solutions at
298.15 K. Incorporating equations (3. 1) and (3. 4) in the asymmetric electrolyte model,
there are four unknown model parameters p, nj, 73, and u;, where nj is the number of
hydration layers and p is a fitting parameter.5* Treating nj as a constant, the number of fit
parameters are three. Finally, employing equations (3. 2) and (3. 3) for u; and 7,

respectively, the number of parameters are reduced to two, i.e. p, and 7;;. Special treatment

for sulfate and bisulfate ions are given in the next section.
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Ti+

=

solute  nj p* (A)? (A g g ;P MSE® Ref
122 122 (A)a (A)b
CaBr2 6 2898 1.00 188 264 619 4593 821x10* =
CaClz 4 5960 1.00 172 4.06 7.28 56.36 352x10° 1%
Cal> 8 3400 100 210 416 7.70 60.41 286x10* 1%
Ca(NO3)2 3 2126 1.00 179 465 7.85 61.89 3.78x10°
CoBr 6 4608 125 188 452 803 6363 1.06x10% 1%
CoCl> 6 2697 125 172 580 9.00 7295 169x10* 1%
Col 9 3623 125 210 373 754 5887 6.32x10% 1%
Co(NO3)2 5 2649 125 179 488 827 6588 3.40x10% 1°
CuBr» 6 3542 073 188 7.00 974 7997 550x10* 1%
CuCly 4 2574 073 172 639 9.07 7355 365x10% 1%
Cu(NOs)2 4 3263 073 179 496 7.89 6226 7.20x10* 1%
FeClz 8 1962 070 172 755 100 8291 234x10° 1%
MgBr2 9 1478 0.72 1.88 400 7.12 5487 266x10° 1%
MgCl2 5 9151 072 172 409 7.07 5433 274x10% 1=
Mgl> 9 5770 072 210 233 587 4284 793x10% 1=
Mg(NOs3)2 5 39.74 072 179 535 822 6539 6.59x10% 12
MnBr2 6 39.00 070 188 566 855 6854 8.72x10% 1%
MnCl2 4 3818 070 1.72 564 839 67.06 129x10° 1%
NiBr2 7 3506 070 1.88 524 819 6508 509x10* 1%
NiCl2 5 3810 0.70 172 548 825 6572 121x10% 1%
Ni(NO3s) 5 3216 070 179 540 824 6563 447x10% %
H2S04 2 2344 021 258 271 6.7 4574 250x102 1?7
K2S04 2 1183 138 258 328 7.68 6022 894x10° 12812
Na2S04 3 8040 102 258 434 828 66.01 4.00x10° 12812
(NH4)2S0s 2 1151 137 258 295 7.39 5743 1.37x10% 13013
Li2SO4 3 1573 0.76 258 430 802 6353 530x10° 1
Rb2S04 2 1347 152 258 294 751 5859 536x10% 18
Cs2S04 4 1353 167 258 553 988 8132 1.15x10° %
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BaBr2 5 2502 133 1.88 202 593 4347 175x10% 1=
BaCl: 7 1743 133 172 751 106 87.82 569x10° 1%
Bal2 9 2678 133 210 654 100 8289 1.05x10* 1%
Pb(NOs). 2 8310 1.19 179 450 7.89 6226 283x10* 1%
SrBr> 9 1932 118 1.88 7.09 102 8445 1.18x10* 1=
SrCl2 5 2461 118 172 514 837 66.87 232x10* 1=

Srlz 10 2492 118 210 6.81 10.2 8394 558x10° 1%
Cd(NOs)2 6 2160 095 179 7.25 10.1 8312 3.26x10° 13
Zn(NOs)2 4 5649 074 179 458 757 59.18 546x10° 13
Na2COs 2 1360 102 179 4.02 732 56.73 3.19x10% 18
Table 3. 1. Two-Parameter Fit for Aqueous 1-2 Electrolyte Solutions at 298.15 K. @Fitted

value. P°Calculated value. °“MSE is a normalized mean-square error, equal to

(%) Z?jl((mmodel_i — Maaeai)/ Mmodgeri))?, Where n,, is the number of data points.
P
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Figure 3. 2. Bromides. (a) Fitting two parameters p and r;;. (b) Fitting three parameters p,
77 and p;. Osmotic coefficient (¢ = -In (a,,)/M,, ¥.; vym;), plotted against the square root
of the solute mole fraction (x = X; vym;/(¥.; vym; + 1/M,,)) of bromides at 298.15 K. Lines
(model calculations): black solid, CaBr2; brown solid, CoBrz; green solid, CuBr2; purple
solid, MgBrz; cyan solid, MnBrz; blue solid, NiBr2; dark yellow solid, BaBr2; magenta
solid, SrBr2. Symbols: black square, CaBr2 experimental data; brown circle, CoBr:
experimental data; green triangle, CuBr2 experimental data; purple diamond, MgBr:
experimental data; cyan inverted triangle, MnBr2 experimental data; blue star, NiBrz
experimental data; dark yellow pentagon, BaBrz experimental data; magenta hexagon,
SrBr2 experimental data, where references for the experimental data are given in Table 3.

1 for two parameter fitting, and in Table 3. 2 for three parameter fitting.
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The results of two- and three- parameter fitting are given in Tables 3.1 and 3.2 for
1-2 electrolytes, and in Tables 3.3 and 3.4 for 1-3 electrolytes, respectively. For the two-
parameter model (Tables 3.1 and 3.3), the parameters p and r;; are fit to data. For the three-
parameter model (Tables 3.2 and 3.4), the parameters p, r;; and u; are fit to data, whereas
Tjy Is calculated by using equation (3. 3). The accuracy of the fitting model was calculated
using a normalized mean square error (MSE), and the tables show the MSEs and the data
sources. It should be noted that in Table 3. 2, a negative 7;; resulted for H2SO4 and
(NHa4)2S0a, possibly due to the physical arrangement of the molecular ions suggesting
overlap. Also, note that Li2SO4 and K3sPOa4 did not yield reasonable fits with the three-
parameter model approach. Figure 3. 2 (a and b) shows plots of calculated osmotic
coefficients by two-parameter fitting and three-parameter fitting, respectively, with
experimental literature data for family of bromides of divalent cations over the entire
concentration range. Note that though both the models fit well with BaBr2 data, they have
peaks in osmotic coefficient at different concentrations. The bromide family of curves is
representative of the accuracy of the model calculations of 1-2 electrolytes with univalent
anions; complete plots of chlorides, iodides and nitrates are shown in Appendix B (Figures

B1 - B3) for both two- and three- parameter fitting models.
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Ti+

=

solute  nj  p?  (A)2- (A)12- K v ;® MSE® Ref
122 122 (A)a (A)b
CaBr2 5 4867 1.00 1.88 2500 6.070 44.00 153x10% 1%
CaClz 6 2720 100 172 1930 5440 2648 232x10* 1%
Calz 8 2624 1.00 210 2270 23.76 696.0 4.81x10° 1%
Ca(NOs)2 3 2094 100 179 17.17 1870 6914 255x10° 1%
CoBr> 9 3253 125 1.88 2070 5920 31.28 1.88x10* %
CoCl> 5 2896 125 172 3999 3861 3517 292x10% 1%
Col> 8 4299 125 210 4.040 7.810 64.05 890x10% 1%
Co(NOs)2 5 2940 125 179 3520 7.090 4518 394x10* %
CuBr» 6 2953 073 1.88 3444 3349 1877 195x10* 1%
CuCly 5 2394 073 172 2580 5760 2158 2.78x10% 1%
Cu(NOs)2 6 2640 0.73 179 0990 4.450 1452 1.72x10* 1%
FeCl2 7 1974 070 172 1582 17.20 316.4 256x10° 1%
MgBr2 6 5114 072 188 4690 7.720 65.66 1.64x10° 1%
MgCl> 5 6229 072 172 5940 8670 86.18 1.78x10° 1%
Mgl> 10 4558 0.72 210 2140 5700 4049 4.38x10% 1%
Mg(NOs3): 6 31.86 072 1.79 3.800 6.870 39.88 3.35x10* 1
MnBr2 12 2775 070 188 2160 5510 24.09 1.07x10* %
MnCl> 15 2280 070 1.72 0910 4.290 11.69 9.88x10° 1%
NiBr2 8 3361 070 1.88 3640 6.790 42.81 358x10% 1%
NiCl2 9 2392 070 172 2300 5500 2374 524x10° 1%
Ni(NOs)2 5 30.03 070 1.79 7.430 10.00 1049 3.40x10* %
H2S04 5 9680 0.21 258 -042¢ 3460 7.830 8.77x10° ¥
K2S04 2 1188 138 258 2360 6.880 43.31 888x10° 12812
Naz2SO0s 3 8110 1.02 258 3230 7.320 47.02 3.98x10° 12812
(NH4)2S04 3 9.600 137 258 -1.649 3.410 5440 4.90x10* 13013
Rb2S04 2 1350 152 258 2460 7.090 49.13 582x106 1%
Cs2804 4 1346 167 258 18.04 20.71 5929 959x10° 128
BaBr: 6 21.02 133 188 2470 2558 9193 4.73x10° 1%
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BaCl> 6 1955 133 172 4490 7.940 46.34 1.46x10° 1%
Balz 7 2760 133 210 5325 5050 5212 1.20x10* 1%
Pb(NO3)2 2 8310 119 179 2760 6.380 32.85 2.82x10* 1%
SrBr» 6 2341 118 188 3610 3532 2314 7.37x108 1%
SrCl2 7 2036 118 172 2350 5950 26.99 657x10° 1%
Srl2 8 2645 118 210 11.67 1435 2039 177x10° 1%
Cd(NOs)2 5 2253 095 179 2627 2654 1114 3.92x10° 1%
Zn(NO3)2 6 3415 074 179 1540 4.940 19.74 500x10% 1%
Naz2COs3 2 1363 102 178 3150 6.570 40.85 3.20x10* 1%

Table 3. 2. Three-Parameter Fit for Aqueous 1-2 Electrolyte Solutions at 298.15 K. @Fitted

value. PCalculated value. °‘MSE is a normalized mean-square error, equal to
1 n . .
(—) Zijl((mmodel_i —mdam,i)/(mmode,,i))z, where n,, is the number of data points.

Np

dUnrealistic value.
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Figure 3. 3. Magnesium. (a) Two-parameter model. (b) Three-parameter model. Osmotic
coefficient plotted against the square root of the solute mole fraction of magnesium at
298.15 K (see caption from Figure 3. 2). Lines (model calculations): black solid, MgBr2;
purple solid, Mg(NOs)2; blue solid, MgCl2; dark yellow solid, Mgl2. Symbols: black
square, MgBr2 experimental data; purple inverted triangle, Mg(NOs)2 experimental data;
blue circle, MgClz experimental data; dark yellow triangle, Mglz experimental data, where
references for the experimental data given in Table 3. 1 for two parameter fitting, and in
Table 3. 2 for three parameter fitting.

Figure 3. 3 shows results of the model calculations for magnesium electrolytes with

univalent anions, which, like bromide, is also representative of other systems of 1-2 and 2-
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1 electrolytes. Complete plots of calcium family with univalent anions, and sulfates family
with univalent cations are shown in Appendix B (Figures B4 and B5) for both two- and
three- parameter fitting models. It is seen that the calculated osmotic coefficients of sulfuric
acid do not follow the trend of available data, and hence has been treated separately in
section 3.4. Figure 3. 4 shows results for 1-3 electrolytes containing trivalent ions of
aluminium, chromium and phosphate. There is agreement between the model calculations
and the experimental data for all 1-2 and 1-3 solutes except sulfuric acid due to partial
dissociation of the bisulfate ion. The model calculations by three-parameter fit are seen to

be improved, and y; can be related to 7;; by the following equation by power fit as shown

in Figure 3. 5 for 1-2 electrolytes.

uj = (0.3225.22%%%( T) @7

where a = r;; + r;,. + 1;_. In addition to the plots for the family of salts, a complete set of

osmotic coefficient plots for the individual salts addressed in this paper are shown in the

Appendix B (Figures B7 — B46).
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Figure 3. 4. 1-3 Electrolytes. (a) Fitting two parameters p and r;; (b) Fitting three
parameters p, r;; and u;. Osmotic coefficient plotted against the square root of the solute
mole fraction of 1-3 electrolytes at 298.15 K (see caption from Figure 3. 2). Lines (model
calculations): black solid, HsPO4; brown solid, KsPO4; green solid, NasPO4; purple solid,
AICIs; cyan solid, CrCls. Symbols: black square, HsPO4 experimental data; brown circle,
KsPO4 experimental data; green triangle, NasPOs experimental data; purple diamond,
AlClsexperimental data; cyan inverted triangle, CrCls experimental data, where references
for the experimental data given in Table 3. 3 for two parameter fitting, and in Table 3. 4

for three parameter fitting.
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Figure 3. 5. Fit parameter u plotted against a, where a = 7j; + 7, + 1;_ and ;; is the fit
parameter. Solid brown line is eq (3. 7) and black square symbols are parameter values for

1-2 electrolytes.

Tj Tj-
solutle  nj  p* (A (A g g P MSE® ref
2 o A A

H3PO4 2 7640 021 238 6.880 9140 111.38 3.67x102 *
136,1

4 1684 138 238 8960 11.80 149.64 6.61x10*
K3POs4 37

NasPOs 2 1955 1.02 238 8.110 10.81 13543 3.07x10° 1%

AICls 9 2930 053 172 1175 1284 16469 8.66x10° 12

CrCls 10 2548 0.62 1.72 13.33 1420 18430 2.38x10°
Table 3. 3. Two-Parameter Fit for Aqueous 1-3 Electrolyte Solutions at 298.15 K. @Fitted

value. PCalculated value. °“MSE is a normalized mean-square error, equal to

(%) 2?:1((mmodel_i — mdata,i)/(mmodel,i))zv where n,, is the number of data points.
14
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Tj+ Tj-

-122 -122

Tjj Tj a

dp o@p 0 ME

HsPOs 2 7.650 0.21 238 2960 5940 3057 3.69x102 %
NasPOs 2 18.99 102 238 7.060 9.950 106.8 3.47x10° 13
AICls3 10 28.90 053 172 8210 9.950 91.78 497x10° #
CrCls 10 26.09 062 172 11.69 1287 1480 1.28x10°
Table 3. 4. Three-Parameter Fit for Aqueous 1-3 Electrolyte Solutions at 298.15 K. @Fitted

value. P°Calculated value. °“MSE is a normalized mean-square error, equal to

(%) Z?jl((mmodel_i — Maaeai)/ Mmodgeri))?, Where n,, is the number of data points.
P

The adsorption isotherm model framework is based on the mole fraction basis with
a pure solute reference state. However, it is essential to mention that the model can be
analytically recast® to a molality basis with an infinite dilution reference state that is more
standard for some fields. Additionally, model calculations for solute activity coefficients
at infinite dilution reference state on a molality basis are comparable to the RMSE of the

model calculations for osmotic coefficient as shown here.

3.4 Treatment of Sulfuric Acid

Sulfuric acid is known as a strong acid (first ionization) completely dissociating in
aqueous solution with pKa (-logio Ka) = -3 (dissociation constant, Ka > 1), and the bisulfate
ion is known as a weak acid (second ionization) at 298.15 K because it does not dissociate
completely and has a pKa value of 1.92 (Ka < 1).%* The dissociation of H2SOs4 is described
below as two steps, where step | is the total dissociation and step Il is the partial

dissociation. Hence, our model can treat aqueous H2SO4 solution considering it as a
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mixture of two electrolytes (similar to treating a partially dissociated dicarboxylic acid as

a mixture of an electrolyte and an organic in Chapter 2).86

H,80, — HSO, + H° (1)
HSO, — SO + H* (1)

Moreover, there is an additional parameter that accounts for the ratio of dissociated ions to
non-dissociated acid ion, defined as the dissociation ratio, . It is a parameter that indicates
the dissociated to non-dissociated solute ratio, i.e. the ratio of 1-2 electrolyte (SO4% + 2H")
to 1-1 electrolyte (HSO4 + H™), and is known to be a function of the concentrations of both
solutes. However, for simplicity, g is treated as a fixed adjustable parameter. Note that the
van’t Hoff factor (i), often related to degree of dissociation for osmotic coefficients,
depends on the degree of dissociation, and is related to § by the following equation.

p(n—1) (3.8)

=1+
' 1+ 8

where, n = number of dissociated ions.
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Solute | Model® | B | ngs,ng| pags Ps 7jjBs Tijs MSEP
(A) A)
Nm = 4 6.612 | 1.6e-4°| 0.898 | 6.608 | 3.60 x 107
nm=3 | 03 | 7,3 | 24379 | 24379 | 0.736 | 6.927 | 3.81x10°
Nm =2 14.14¢ | 38.63¢ | 1.560 | 13.76 | 9.23x 107
Nm =4 4014 | 4014 | 2769 | 3.094 | 5.96x 10*
nm=3 | 05 | 38 | 40169 | 40169 | 2.400 | 3.094 | 5.99x 10*
Nm =2 18.00¢ | 16.17¢ | 3.133 | 3.188 | 1.58 x 102
Nm = 4 3246 | 3.246 | 2.981 | 3.135 | 4.47x10*
nm=3 | 055 | 3,13 | 3.287¢ | 3.287¢ | 2.616 | 3.036 | 4.48x 10"
HSOs Nm =2 19.52¢ | 17.35¢ | 3.754 | 3.745 | 8.10x 10°
Nm = 4 2.786 | 2.786 | 3.649 | 3.773 | 1.32x10°
nm=3 | 08 | 9,7 | 2770¢ | 2.770¢ | 3.273 | 3.912 | 1.34x10°
Nm =2 23.09¢ | 18.68¢ | 5.209 | 4.371 | 1.58x 107
Nm = 4 4362 | 4362 | 3451 | 4.470 | 2.33x10°
nm=3 | 1.0 | 7,5 | 43579 | 43579 | 3.079 | 4523 | 2.34x10°
Nm =2 21.47¢ | 18.91¢ | 4.547 | 4.481 | 2.10x 107
Nm = 4 8.334 | 8334 | 2503 | 4.246 | 557 x10°
nm=3 | 1.5 | 4,3 | 83319 | 83319 | 2133 | 4.246 | 5.61x10°
Nm =2 16.94¢ | 18.16° | 2.700 | 4.126 | 2.01x 1072

Table 3. 5. Fitted Parameters for H2SOa4 at 298.15 K. @nm is equal to the number of fit

. . 1 n
parameters. °PMSE is a normalized mean-square error, equal to <E) 2.2 ((Muogeri —

Maatai)/(Mmoderi))?, Where n,, is the number of data points, from Staples (1981).*#

Unrealistic value. 9Only one p is fitted, pgs = ps. ¢Calculated value.

Since the solute is treated as a mixture, for a given g, there are originally four

parameters: p and r;; for each electrolyte, i.e. 7j; s, 75; s, Pgs, Ps, Where subscripts BS and

S stand for bisulfate and sulfate respectively. u; and r;,, for each electrolyte are calculated
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using equations (3. 2) and (3. 3). Results for six values of g for the four-parameter fit are
provided in Figure B6a in Appendix B Poor agreements were found for g < 0.3 and g >=
0.8, and the model calculated unrealistic parameter values for f< 0.1. The model agreed
reasonably well at g = 0.5 and 0.55, with an optimal value at 8 = 0.55. Interestingly, it was
observed that the value of p for each electrolyte is approximately the same (from Table 3.
5). Therefore, by fitting only ps and equating that to pgs, the number of parameters could
be reduced to three, i.e. r;; for each electrolyte and pg parameter. Figure B6b in Appendix
B shows the fitting plots for all six values of g for the three-parameter fit, with only
marginal change in MSE than compared to the four-parameter model. Again, the most

agreeable fitting plot was found for 0.55 dissociation ratio.

N w
B

osmotic coefficient (¢)

%.o 02 04 06 08 10

root mole fraction (x)"”
Figure 3. 6. Sulfuric acid - Osmotic coefficient plotted against the square root of the solute
mole fraction of sulfuric acid at 298.15 K (see caption from Figure 3. 2); g = 0.55. Lines
(model calculations): brown solid, four-parameter model; blue short dash, three-parameter
model; dark yellow dot, two-parameter model. Symbols: black square, experimental data,

where references for the experimental data and parameter values given in Table 3. 5.
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Finally, the parameter p was related to the hard-core collision radius of the solute:*®

p = a(2e*N,d;/M;g,DkT)"/? (3.9)

where a is the hard-core collision radius, e is the electronic charge, N, is Avogadro’s
number, d; is the density of the solvent, M; is the molecular weight of the solvent, ¢, is
the permittivity of free space, D is the dielectric constant (relative permittivity) of the
solvent, k is Boltzmann’s constant and T is the temperature. The collision radius was

assumed to be r;,, for each electrolyte,®® thereby further reducing the number of parameters

to two with modest accuracy. For example, r;; could be fit for each electrolyte and both p

'+ Tjj
values could be calculated using eq (3. 9). Figure B6c represents the fitting plots for varying
B for the two-parameter fit showing a modest agreement for solute ratio 0.55. Though the
parameters do not vary significantly (Table 3. 5), the mean square error for the two-
parameter fitting model is the highest. Results of the best fit at # =0.55 is shown in Figure
3. 6 for each four-, three- and two- parameter model. Here, the mixture treatment of sulfuric
acid resulted in an improvement at higher concentrations over the three-parameter fit of
Figure B5b in Appendix B (model with total dissociation). Note that the dissociated solute

is treated as a solvent-separated ion cluster, whereas the non-dissociated solute is treated

as a molecular salt.

3.5 Conclusions
The electrostatic solute-solvent interaction model has been used to develop a solution
thermodynamic model for accurate calculations of osmotic coefficients for a wide range of

binary electrolyte solutions over the entire concentration range. The number of model
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parameters is reduced to two by relating two of the parameters to the intermolecular
spacing. The work calculates the energy of adsorption by parameterizing the ion-solvent
and solvent-solvent bond length that represent physical structure properties. Although the
intermolecular distances are fitted here, the model has potential to be fully predictive for
solutes for which intermolecular spacing is known. With the known parameter values,

activities can be calculated for multisolute systems.

The model works well for all the 1-2 and 1-3 electrolytes explored here, except for
sulfuric acid due to two-step dissociation, allowing for inter- and extrapolation of
calculations for concentrations and mixtures where data is not available. Taking partial
dissociation of the bisulfate ion into account, the trends of osmotic coefficient could be
well-captured with a mixture treatment of dissociated acid and non-dissociated acid as a
result of partial dissociation. While the model here is developed for temperatures at 298.15
K only, it can potentially be developed for other temperatures that represent a wide range
in the atmosphere. It may be done by taking into account the explicit temperature
dependence in the energy parameter equation as well as in the Debye-Huickel p parameter

equation.

Associated Content

Additional plots in Appendix B - Figures for osmotic coefficient plotted versus square root
of solute mole fraction for chlorides, iodides, nitrates, sulfates and calcium families, for
each individual salt for two- and three- parameter fitting model, and partial dissociation of

sulfuric acid.
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Chapter 4
Applications of the Thermodynamic
Model to Determine pH and

Hygroscopicity of Single Particles’

"Parts of this chapter were carried out in collaboration with researchers from Professor
Andrew Ault’s group at University of Michigan and Professor Jonathan Reid’s group at

University of Bristol, and were published in the following journals.

Adapted with permission from Rindelaub, J. D.; Craig, R. L.; Nandy, L.; Bondy, A. L,
Dutcher, C. S.; Shepson, P. B.; Ault, A. P. Direct Measurement of pH in Individual
Particles via Raman Microspectroscopy and Variation in Acidity with Relative Humidity.

J. Phys. Chem. A 2016, 120 (6), 911-917. Copyright (2016) American Chemical Society.!

! The author acknowledges measurements taken by Prof. Andrew Ault’s group.
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Adapted with permission from Craig, R. L.; Nandy, L.; Axson, J. L.; Dutcher, C. S.; Ault,
A. P. Spectroscopic Determination of Aerosol pH from Acid-Base Equilibria in Inorganic,
Organic, and Mixed Systems. J. Phys. Chem. A 2017, 121 (30), 5690—5699. Copyright

(2017) American Chemical Society.?

Adapted from Marsh, A.; Miles, R. E. H.; Rovelli, G.; Cowling, A. G.; Nandy, L.; Dutcher,
C. S.; Reid, J. P. Influence of Organic Compound Functionality on Aerosol
Hygroscopicity: Dicarboxylic Acids, Alkyl-Substituents, Sugars and Amino Acids. Atmos.

Chem. Phys. 2017, 17 (9), 5583-5599. Link to the license. (Credit and License notice

provided in Appendix E)3

Adapted from Marshall, F. H.; Berkemeier, T.; Shiraiwa, M.; Nandy, L.; Ohm, P. B;
Dutcher, C. S.; Reid, J. P. Influence of Particle Viscosity on Mass Transfer and
Heterogeneous Ozonolysis Kinetics in Aqueous-Sucrose-Maleic Acid Aerosol. Physical
Chemistry Chemical Physics 2018, 20, 15560-15573 with permission from The Royal

Society of Chemistry - Published by the PCCP Owner Societies. (Link to the article)*

4.1 Introduction
Atmospheric aerosol acidity impacts key multiphase processes, such as acid-
catalyzed reactions leading to secondary organic aerosol formation, which impact climate

and human health. However, traditional indirect methods of estimating aerosol pH often

2 The author acknowledges measurements taken by Prof. Andrew Ault’s group.
3 The author acknowledges measurements taken by Prof. Jonathan Reid’s group.

* The author acknowledges measurements taken by Prof. Jonathan Reid’s group.
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disagree with thermodynamic model predictions, resulting in aerosol acidity still being
poorly understood in the atmosphere. The first part of this chapter details a collaborative
study with the Ault group at the University of Michigan, which employs a method coupling
Raman microspectroscopy with extended Debye—Hiickel activity calculations. The method
was applied to directly determine the acidity of individual particles to a range of
atmospherically relevant inorganic and organic acid—base equilibria systems
(H2S04/MgS0s, HNO3/NO3", HC204/C204%", CH3COOH/CH3COO", and HCO3/CO3*")
covering a broad pH range (—1 to 10), as well as an inorganic—organic mixture (sulfate-

oxalate). This chapter emphasizes the modeling component of the study.

The second part of the chapter includes use of the model in determining the
hygroscopicity from comparative Kkinetics electrodynamic balance (CK-EDB)
measurements in a collaborative work with the Reid group at the University of Bristol. The
CK-EDB applies an electric field to trap-charged aqueous droplets in a chamber with
controlled temperature and relative humidity (RH). The dual micro dispenser set-up allows
for sequential trapping of probe and sample droplets for accurate determination of droplet
water activities from 0.45 to > 0.99. A series of increasingly complex organic compounds,
with subtle changes to molecular structure and branching, are used to rigorously assess the
accuracy of predictions by Universal Quasichemical Functional Group Activity
Coefficients (UNIFAC), which does not explicitly account for molecular structure. New
hygroscopicity data are also reported for a selection of amino acids, alcohols and sugars
and they show variable levels of agreement with predictions. In addition, the isotherm
model has been used in this chapter to understand the influence of particle viscosity on

mass transfer in aqueous sucrose-maleic acid aerosol. Again, the work presented in this
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chapter emphasizes the modeling aspects.

4.2 Application I: Determination of pH of Single Particles

4.2.1 Method I: Raman microspectroscopy in Ault group

A direct spectroscopic method is established in the Ault group at the University of
Michigan for measuring the pH of individual aerosol particles using Raman
microspectroscopy. The pH of each individual particle was determined from the
concentration of each anion within laboratory-generated aerosol particles based on
integrated peak area and subsequent calculations for ionic strength, activity coefficients,
and, ultimately, [H™]. The spectroscopic approach has the potential to improve the
fundamental understanding of aerosol acidity, which is currently lacking, and to eventually
improve understanding of key atmospheric processes such as SOA formation and phase

behavior in liquid droplets.

The spectroscopic method for determining aerosol particle pH has been applied to
inorganic and organic acids with a range of pKa values (Ka is the dissociation constant) in
individual aerosol particles. These systems include nitric acid/nitrate (HNO3/NOs", pKa
—1.3), bisulfate/sulfate (HSO4/ SO4*", pKa 2), bioxalate/oxalate (HC2047/ C204>", pKa
3.81), acetic acid/acetate (CHsCOOH/ CH3COOQO", pKa 4.76), and bicarbonate/carbonate
(HCOs/ COs*", pKa 10.30).1381% Concentration values for each solution are provided in

Table 4. 1 and Table 4. 2.
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Bulk Solution pH | [MgSO4] (mM) | [H2SO04] (mM) | [Mg?]/([HSO4 + SO4%])
0.44 30 360 0.08
0.89 30 198 0.13
1.15 30 54 0.36
1.64 30 18 0.63
1.99 30 4.1 0.88
Table 4. 1. Bulk solution composition for MgSOa - H2SO4 system.
Acid-Base [ion]:[acid +
System pH Salt Acid conjugate base]
0.085-0.096 M 8.81-9.63 M
HNO3/NOs’ <0 Na*"-~0.01:1
NaNOs HNOs3
NHs" - 2:1 ClI" -
3.63 | 0.272 M (NH4)2C204 | 0.091 M HCI 0331
HC204/C204* _
NHs* - 2:1 CI" -
3.97 | 0.280 M (NH4)2C204 | 0.065 M HCI
0.23:1
HCHsCOO/
3.92 | 0.695 M NaCHsCOO | 0.023 M HCIP Cl-0.03:1
CH3COOr
Na*-2:1CI -
HCOs/CO3* 10.47 | 0.038 M Na2COs 0.010 M HCI
0.26:1
0.273 M (NHa)2S0s4,
0.39 0.795 M HzSO4 | NHs"-0.81:1
0.273 M (NH4)2C204
0.286 M (NHa4)2SO0s4,
0.83 0.476 M H2SO4 | NH4" - 1.09:1
HSO4/S04%* & 0.286 M (NH4)2C204
HC204/C204* 0.284 M (NHa4)2SOs4,
3.58 0.057 M H2SOs | NH4" - 1.82:1
0.283 M (NHa4)2C204
0.291 M (NHa)2S0s4,
3.99 0.033 M HzSO4 | NH4" - 1.89:1
0.291 M (NH4)2C204

Table 4. 2. Composition and pH of solutions used to generate particles for each acid-base

system. 2pH below measurement range of pH probe. °0.097 M HCH3COO also added.
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Integrated peak areas of the vibrational modes corresponding to an acid (HA) and
conjugate base (A") for each acid—base system were related to concentration using
calibration curves, published in Rindelaub et al. (2016) and Craig et al. (2017).89%
Standard solutions of MgSOs and H2SO4 were used to create calibration curves relating

[SO427] and [HSO4] to integrated peak area of the vs(S04%) and vs(HSO4) modes.

The concentration of other ions present in the particle (those not directly involved
in the acid — base equilibrium) were determined from the ratio of [ion]/[acid + conjugate
base]. Once the concentration of all ions present was determined, ionic strength (1) was
calculated using equation (4. 1), where Ci and zi represent the concentration of each ion

and its corresponding charge, respectively.

1 4.1
1=§Zcizi2 (4.1)

Molality units were used for concentration of each species, determined by
converting molarity to molality using the density of the solution mixture. The solution
densities were found by using the Lalibert¢é model,*° and were iteratively solved during
molality conversions. Since the density calculations required concentrations of each solute
in the solution mixture, the equivalent concentrations of each cation and anion were found
by Clegg’s equivalent fraction method, which assumes that all possible combinations of

cation and anion are present as solute components.

Then the extended Debye—Hiickel relationship (equation (4. 2)) was applied to
calculate the activity coefficient for each species in the acid—base equilibrium. In the

extended Debye—Hiickel relationship, A and B are constants characteristic of the solvent
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(water), and & is the effective diameter of the ion in solution.**!42 Values for the
constants used in the extended Debye—Hiickel relationship can be found in Table 4. 3. The

value for A is 0.5085 and the value for B is 3.281x107°. Values for & are listed in Table 4.

3.
| Az (4.2)
S AV
aix 108 lon
25 NH4+
3.0 Cl-, NOs-
4.0 Na+, HCOzs-, HSOs-, SO42-
45 CO32-, HC204-, C2042-, CH3COO-
9 H+

Table 4. 3. Effective diameter (ai) values.

The concentrations of acid and conjugate base, their respective activity

coefficients, and the acid dissociation constant K, were then used to calculate [H*] (equation

(4. 3)) and finally pH (equation (4. 4)).

g o= it aa ([H*] = yu+)([A7] * ya-) 4.3)
¢ aya [HA] * yya
pH = —log(ay+) = —log(yy+ * [H']) (4.4)

Note that an iterative method is needed to solve eqs (4. 1) — (4. 3), since the value
of [H*] is not known and is needed in the calculation of ionic strength and activity
coefficients. As with the density calculations (discussed after eq (4. 1)), Clegg’s equivalent

fraction method®® was used to find the first initial value for [H*]. The value is then used to
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solve for ionic strength (eq (4. 1)) and subsequently the activity coefficients (eq (4. 2)).
Using the activity coefficients, eq (4. 3) is applied to calculate a new value for [H*]. The
initial value for [H*] is then iteratively changed until it equals that from the eq (4. 3)

calculations.

Linear regressions were applied to the relationship between average aerosol particle
pH and RH for each bulk solution of MgSOa - H2SO4 system (Figure 4. 1). Similar slope
values for all five data sets indicate that aerosol pH increases with increasing RH at similar

rates, regardless of initial pH.

12— @ Average Aerosol pH
— pH1.99
1.0 - pH 1.64
— pHL15
— pHO0.89
08 — pHo0.44 °
I 06+
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5 0.4 —
<
[«5)
(o))
o 0.2 1
g
<
0.0 —
-0.2 1
°
°
044
I I I I |
20 40 60 80 100

Relative Humidity (%)
Figure 4. 1. Average aerosol pH as a function of relative humidity for each seed aerosol
bulk solution for MgSO4 - H2S04 system. Adapted from Figure 4 (Rindelaub et al. 2016)
and reproduced with permission from Rindelaub, J. D.; Craig, R. L.; Nandy, L.; Bondy, A.
L.; Dutcher, C. S.; Shepson, P. B.; Ault, A. P. Direct Measurement of pH in Individual
Particles via Raman Microspectroscopy and Variation in Acidity with Relative Humidity.
J. Phys. Chem. A 2016, 120 (6), 911-917. Copyright (2016) American Chemical Society.
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Aerosol particle pH was also evaluated for each acid and conjugate base system.
Since the pH was too low to be measured accurately with the pH probe, the pH of the bulk
solution used to generate aerosol particles for the HNO3/NOs™ system was calculated to be
between -1.1 and -1.4, based on the concentration of ions in solution. The pH of
HNO3/NOs™ aerosol particles when calculated using the extended Debye-Huckel (EDH)
model varied from -1.2 to 0.090, with an average of -0.48. Although the aerosol particles
studied for each system were all generated from the same solution, there was some
variability in particle pH. Histograms for the measured particle pH for HNO3/NOs™ system

are given in Figure 4. 2.

For comparison with an alternative prediction of pH, the multilayer adsorption
isotherm based model from Dutcher et al. (2013)® was also used to determine the molalities
and activities of the solutes present, and subsequently the activity of H* and pH. The model
includes arbitrary number of adsorbed monolayers and uses a power law relationship for
aqueous solutions to determine adsorption energy parameter of water molecules with a
solute by adjusting two parameters. The model (equations 27 and 28 in Dutcher et al.
(2013)%3) is used for finding the molalities and activities of the solutes present as a function
of water activities. Treating fractional RH data as equivalent to water activity and using it
as input to the model, the molalities and activities of the solutes are calculated.
Alternatively, using both RH data and the measured (converted) molality data, the model
calculated the activities of each solute present in the solution mixture. For the HNO3s/NO3
particles, the activity of the acid (HNOs3) is found by the model, and the activity of the
conjugate base ion (NO3) is found by eq (4. 5). Then, eq (4. 3) is finally used to determine

the activity of the H*, and therefore pH by eq (4. 4).
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ano3z- = \/aHNOB' aNaNO3 (4.5)

With the isotherm model, particle pH values were closer than the values from
extended Debye-Hiickel model to the calculated pH values of the HNO3s/NOs™ bulk
solution, ranging from -1.4 to -0.88, with an average pH of -1.2. The pH of the particle

corresponding to the Raman spectrum was calculated with the isotherm model to be -1.17.

nitric acid/ nitrate system

10- I EDH Model
) I Isotherm Model

Number of Particles

-1.5 -1.0 -0.5 0.0
pH
Figure 4. 2. Histogram for measured particle pH for HNOs/NOs™ system. Adapted from

Figure S6 (Craig et al. 2017) and reproduced with permission from Craig, R. L.; Nandy,
L.; Axson, J. L.; Dutcher, C. S.; Ault, A. P. Spectroscopic Determination of Aerosol pH
from Acid-Base Equilibria in Inorganic, Organic, and Mixed Systems. J. Phys. Chem. A
2017, 121 (30), 5690—5699. Copyright (2017) American Chemical Society.

In addition to measuring the pH of aerosol particles for each of the systems, trends
were observed for H* activity coefficient, yn+, in relation to ionic strength and aerosol
particle pH relative to the broadness of the vibrational modes analyzed. Across all the acid-

base systems, there is a negative relationship for yn+ as a function of ionic strength (Figure
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4. 3), with more yn+ sensitivity at lower ionic strength. However, the inorganic systems
tend to have larger, more varied ionic strength with lower, less variable yn+. The inverse
holds for the organic systems, which show larger, more varied yn+ with smaller and less
variability in ionic strength. As mentioned earlier, even though particles were generated
from bulk solutions of similar pH and the HC204/C204> system was used to determine
pH, particles composed of only HC204/C204> had lower average pH than particles of
HC204/C204% and HSO4/SO4* mixed composition (average aerosol particle pH 3.2 and
4.0, respectively). Because of the inorganic component in the HC204/C204% and HSO4
/SO4% mixed particles, their yx+ was lower, thus decreasing the activity of H*, making the
particles less acidic. The observation infers that ion behavior in mixed organic and

inorganic particles is dictated by contributions from all chemical species present.

A Organic B Mixture C Inorganic
0.80 4 o Hco,/co,> [ 080
A 0 HNO4/NO;
L 078 o Hso.so” |- 078
E % (Rindelaub et al.)
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Figure 4. 3. H" activity coefficient (yn+) as a function of ionic strength for each organic
(A), mixture (B), and inorganic (C) acid-base system. Note the differing scales for ionic
strength. Reprinted with permission from Craig, R. L.; Nandy, L.; Axson, J. L.; Dutcher,
C. S.; Ault, A. P. Spectroscopic Determination of Aerosol pH from Acid-Base Equilibria
in Inorganic, Organic, and Mixed Systems. J. Phys. Chem. A 2017, 121 (30), 5690—5699.
Copyright (2017) American Chemical Society.
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4.2.2 Method 11: Paper-based pH measurements in Ault group

The isotherm model was also applied to the Raman microspectroscopy approach to
support the measurements done using a pH indicator paper for the system, ammonium
sulfate ((NH4)2S0a) and sulfuric acid (H2SO4). Aerosol pH for aqueous particles was
determined by colorimetric analysis of images collected on a pH indicator paper and were
compared to pH probe measurements. The experimental work and comparisons with the

isotherm model are under review in Craig et al., Analytical Chemistry, 2018.

4.3 Application I1: Determination of Hygroscopicity of Single Particles

4.3.1 Experimental method in Reid group

A particle’s ability to take up water from the atmosphere is described by
hygroscopicity. Estimation of hygroscopicity is important in climate models because it
influences the optical properties of particles that drive the amount of radiation scattering.
Hygroscopicity studies are presented with measurements from a comparative Kinetics
technique by the Reid group at the University of Bristol. The method is applied in an
electrodynamic balance (EDB) instrument (referred to as the comparative kinetics EDB,
CK-EDB, below), with electrodes in a concentric cylindrical arrangement. The full
experimental details for the CK-EDB have been discussed extensively in previous

publications by the Reid group.'3144 All measurements are taken at 293.15 K.

The CK-EDB can be used to probe the hygroscopic growth of aerosol particles from
low to high water activities (< 0.45 to > 0.99) with a greater accuracy (< £0.2 % error in
water activity at water activities > 0.8 and +1 % error in water activity at water activities

< 0.8) than can be achieved in conventional approaches!*. The CK-EDB employs an
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electric field to trap a charged dilute aqueous droplet starting at a water activity > 0.99.
The droplet evaporates towards an equilibrium composition set by the RH of the
surrounding gas flow; the RH is determined accurately from an independent measurement
of the evaporation profile of a probe droplet of known hygroscopic response (either a pure
water droplet or an aqueous sodium chloride solution droplet). Final hygroscopicity data
are averaged (binned in small steps in RH) and presented as a function of mass fraction of
solute (MFS) against water activity; full hygroscopicity curves are typically the result of
measurements between 30 and 80 droplets. It must be noted that the hygroscopicity

parameter, x, values are calculated using all data points.

4.3.2 Isotherm model to corroborate measurements

The isotherm model is first applied here to study hygroscopicity of amino acids.
The behavior observed for different classes of chemical compounds studied (dicarboxylic
acids, amino acids, sugars and alcohols) was compared and trends were observed for the

value of the hygroscopicity parameter, x, in Marsh et al.”

Hyaroscopic response of amino acids. A selection of amino acids were chosen for their

biological relevance and to represent a wide range of structures and O : C ratios. Nitrogen-
containing compounds are prevalent in the atmosphere; amino acids contribute to this class
of compounds due to their biological origin.}*>46 Amino acids form zwitterions in
solution, which suppresses their vapor pressure and presents challenges in representing
them with current thermodynamic models, with most models not allowing the inclusion of
nitrogen-amine- containing groups (e.g. AIOMFAC-web). AIOMFAC-web only allows
for the inclusion of organonitrate and peroxy acyl nitrate subgroups. Hence,
thermodynamic model predictions for amino acids were generated using E-AIM model
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111,22 using the standard UNIFAC model, including certain modified main group interaction
parameters introduced by Peng et al. (2001).%° In addition, the isotherm model is used, as

the UNIFAC predictions cannot be performed for all the amino acids examined here.

The equilibrium hygroscopic responses for glycine, DL- alanine, L-valine and L-
threonine are shown in Figure 4. 4 a. These four compounds all contain a similar glycine
subunit, but include additional methyl, ethyl and hydroxyl groups. On a MFS scale, the
hygroscopic response of these compounds is similar, except for L-threonine, which is less
hygroscopic, an observation that is not expected given the additional hydrophilicity of the
hydroxyl substituent. Compounds of the same O : C are compared in Figure 4. 4 b with
equilibrium relationships shown for L-lysine, L-histidine and L-arginine. Lysine (x, 0.219)
is more hygroscopic than histidine (x, 0.188) and arginine (x, 0.147), illustrating that

compounds with the same O : C can have very different hygroscopic responses.
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Figure 4. 4. Equilibrium hygroscopicity curves (a) for structurally similar amino acids with
different substituents alongside UNIFAC predictions. (b) Equilibrium hygroscopicity
curves of amino acids with the same O:C ratio (0.33), with UNIFAC predictions generated

using E-AIM model 1ll. (c, d) The same amino acids as (a, b), respectively, presented

alongside thermodynamic predictions using the isotherm model discussed in Dutcher et al.
(2013),5 with coefficients available in Table 4. 4. Reproduced from Marsh, A.; Miles, R.
E. H.; Rovelli, G.; Cowling, A. G.; Nandy, L.; Dutcher, C. S.; Reid, J. P. Influence of
Organic Compound Functionality on Aerosol Hygroscopicity: Dicarboxylic Acids, Alkyl-
Substituents, Sugars and Amino Acids. Atmos. Chem. Phys. 2017, 17 (9), 5583-5599.
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Solute P MSE

Alanine -0.356 0.00051
Asparagine -0.171 0.04151
Arginine -0.993 0.04039
Glycine -1.934 0.00321
Histidine -0.502 0.02211
Lysine -1.225 0.00667
Proline -0.619 0.03764
Threonine -0.960 0.20107
Valine -0.892 0.00397

Table 4. 4. Fitted parameters for nine amino acids. The power law coefficient P is used to
calculate energy parameter C for the first to (n — 1)th layers, hence Ci =(i/n)P, where i is
the layer number and n is the total number of hydration layers, here n = 8 for all compounds

except glycine (n = 3) and threonine (n =5). MSE is a normalized mean-square error, equal
1 n . .
to (E) Ziz”l (Mmoderi — Maata,i)/ Mmodaeri))?, Where np is the number of data points.

(Parameter for L-aspartic acid could not be determined due to data range available.)

For improved predictions of the amino acids measured, the multilayer adsorption
isotherm-based model from Dutcher et al. (2013),%2 which includes an arbitrary number of
adsorbed monolayers, is used in Figure 4. 4 ¢ and d to fit to the CK-EDB data. The model
uses a power-law relationship for aqueous solutions to determine adsorption energy
parameter, C, of water molecules with a solute by adjusting a single parameter shown in
Table 4. 4. The model (Eq. 27 in Dutcher et al., 2013)% is fitted to experimental data for
solute molality as a function of water activity in order to determine the adjustable model
parameter. The isotherm model results in improved MFS predictions when compared to

UNIFAC. However, the notable difference in accuracy between the two models is not
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overly surprising: the isotherm-based model of Dutcher et al. has an adjustable parameter

(Table 4. 4), while UNIFAC is a fully predictive model.

The general trends show that the amino acids are much more hygroscopic than is
currently predicted using UNIFAC. Increased hygroscopicity with similar O : C ratios could
be due to the zwitterionic nature of amino acids, with their behavior more similar to that of

a salt than an organic species.

Trends in x with O : C ratio and molecular structure. In order to efficiently represent the

hygroscopic growth of aerosols in large-scale models, it is crucially important that models
of low complexity are used to represent aerosol of broad-ranging source and chemical
complexity. Correlations of the value of the parameter x with surrogate measures of ambient
aerosol composition such as O : C have been considered.**"148 In Figure 4. 5a, the values
of x for the homologous series of dicarboxylic acids and their branched derivatives are
compared. Clearly, both increased chain length and increased branching lead to greater
hydrophobicity and lower hygroscopicity. Overall trends in hygroscopicity, as represented
by the dependence of MFS on water activity, can be fit to the power-law model from
Dutcher et al. (2013) (Table 4. 5), and the upper and lower bounds for compounds from
each class (amino acids, organic acids, sugars and alcohols) is shown in Figure 4. 5b. The
work clearly illustrates that the amino acids are more hygroscopic than the majority of the

other compounds studied.
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Figure 4. 5. (a) x values at a water activity of 0.95 are plotted as a function of increasing
length of substituent and carbon backbone. (b) Generalized equilibrium hygroscopicity
curves are presented as a function of compound class. Upper and lower hygroscopicity
limits for each compound class have been fitted using the isotherm model discussed in
Dutcher et al. (2013) (coefficients available in Table 4. 5). Reproduced from Marsh, A.;
Miles, R. E. H.; Rovelli, G.; Cowling, A. G.; Nandy, L.; Dutcher, C. S.; Reid, J. P. Influence
of Organic Compound Functionality on Aerosol Hygroscopicity: Dicarboxylic Acids,
Alkyl-Substituents, Sugars and Amino Acids. Atmos. Chem. Phys. 2017, 17 (9), 5583—
5599.
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Solute P MSE

Amino acid Upper (Glycine) -1.934 0.00321
Amino acid Lower (Asparagine) -0.171 0.04151
Organic acid Upper (Malonic acid)  -0.212 0.00819
Organic acid Lower (2,2 dimethyl

glutaric acid) 0200 DO83I5
Sugar Upper (Sorbitol) -0.522 0.01025
Sugar Lower (Trehalose) -0.870 0.01687
Alcohol Upper (Erythritol) Alcohol -0.238 0.01311
Lower (PEG4) -1.180 0.16205

Table 4. 5. Fitted parameters for upper and lower MFS vs water activity of compounds in
each class, amino and organic acids, sugars and alcohols, as shown in Figure 4. 5b. The
power law coefficient P is used to calculate energy parameter C for the first to (n — 1)th
layers, hence Ci =(i/n)", where i is the layer number and n is the total number of hydration

layers, here n = 8 for all compounds except glycine ( n = 3) and 2,2-dimethyl glutaric acid
(n = 16). MSE is a normalized mean-square error, equal to (é) Z’;”l((mmodeu -

Maatai)/ Mmoaeri))?, Where np is the number of data points.

4.4 Application I11: Mass Transfer in Viscous Aqueous Sucrose-Maleic Acid Aerosol

Mass transfer between the gas and condensed phases in aerosols can be limited by
slow bulk diffusion within very viscous particles. To constrain kinetic models of the
heterogeneous chemistry, measurements must provide information on as many observables
as possible. In the Reid group, the ozonolysis kinetics of maleic acid (MA) in ternary
aerosol particles containing water and sucrose is used as a model system. The mass ratio
of sucrose to MA is varied and reactions at a wide range of relative humidity are performed

for the studies.
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The experimental procedure using aerosol optical tweezers has been described in
detail in previous publications.}4®15 At the moment of trapping an aerosol particle, the
sucrose:MA mass ratio is assumed equal to that in the starting nebulized solution, however
the volatilization of MA leads to a gradual change over time. A key aspect of the work in
the Reid group is to explore explicitly the relationship between the rates of evaporation of
a semi-volatile organic compound (SVOC) and ozonolysis chemistry, and aerosol particle

viscosity.

Compositional dependence of particle viscosity. Measurements of viscosity were

performed for three initial sucrose:MA mass ratios of 10:1, 5:1 and 1:5 and the water
activity dependencies of viscosity are shown in Figure 4. 6. Given the high uncertainty
associated with the viscosity measurement, only linear fits for the dependence of the
logarithm of the viscosity of RH are reported. For comparison, the linear water activity
dependence of aqueous sucrose and aqueous MA droplets are shown in Figure 4.
6(a).**21% Owing to the limited solubility of MA, data are only available up to a mass
fraction of MA of 0.402, corresponding to an RH of 90 %, estimated using the
thermodynamic treatment of Dutcher et al. 8364 The parameterization is extrapolated below

this RH for comparison with the other data sets.

To calculate the water content as a mass fraction with varying gas phase RH and
sucrose:MA ratio, the thermodynamic model of Dutcher and co-workers®85963.64149 hag
been used. Coulombic short range electrostatic interactions are used to determine the
energy parameters for water sorption onto the hydration shell for each monolayer of the
solute molecule in binary systems.®* The multilayer adsorption isotherm model is expected

to describe particularly well the compositional dependence of water content to zero solvent

85



activity.>®%2 The compositional dependencies on RH and activity coefficients estimated
from the isotherm model for the different sucrose:MA mass ratios are shown in Figure 4.

7, using the model parameters given in Marshall et al.**
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Figure 4. 6. (a) Viscosity of ternary MA/sucrose/water aerosol droplets at varying RH
measured by aerosol optical tweezers. Sucrose:MA mass ratios of 10:1, 5:1 and 1:5 are
indicated by the red, blue and green datasets (points and lines, top to bottom in order),
respectively. The viscosity parameterizations for binary aqueous/sucrose and aqueous/MA
droplets are shown by the yellow (top) and grey (bottom) lines, respectively, for
comparison. (b) Mass fraction of water against viscosity for three different initial mass
ratios of sucrose:MA (red 10:1, blue 5:1, green 1:5). The mass fraction of water predicted

for the RH region where the largest difference in viscosities occurs are shown in the inset.
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Adapted and reproduced from Marshall, F.; Berkemeier, T.; Shiraiwa, M.; Dutcher, C.;
Nandy, L.; Ohm, P.; Reid, J. Influence of Particle Viscosity on Mass Transfer and
Heterogeneous Ozonolysis Kinetics in Aqueous-Sucrose-Maleic Acid Aerosol. Physical
Chemistry Chemical Physics 2018, 20, 15560-15573 with permission from The Royal
Society of Chemistry.

When the dependence of aerosol viscosity is reported in terms of mass fraction of
water, Figure 4. 6(b), there is a consistent trend across the compositional range and
spanning almost 8 orders of magnitude in viscosity. It must be recognized that the viscosity
scale is shown in logarithmic form and the errors in viscosity can be as large as one order
of magnitude. A closer examination of the data in Figure 4. 6(b) may suggest that the
aerosol with higher MA fraction is marginally less viscous than the other two; conversely,
the aerosol with marginally higher sucrose content may be more viscous, consistent with
MA having a minor plasticizing effect on the particle viscosity. The mass fraction of water
in Figure 4. 6(b) is calculated from the coalescence relative humidity using the isotherm
model. The ordinate error arises from the error envelope associated with the viscosity
parametrization, while the abscissa errors from the +2 % uncertainty in the RH probe which

propagates through to the error in the mass fraction of water in the particle.
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Figure 4. 7. (a) Activity coefficient of MA (mole fraction basis with a pure liquid solute
reference state), (b) mass fraction of MA, (c) mole fraction of MA and (d) droplet density
as functions of RH from the isotherm model. Different initial sucrose:MA mass ratios are
shown: 1:5 (green), 3:5 (purple), 2:1 (mustard), 3:1 (grey), 5:1 (blue) and 10:1 (red).
Reproduced from Marshall, F.; Berkemeier, T.; Shiraiwa, M.; Dutcher, C.; Nandy, L.;
Ohm, P.; Reid, J. Influence of Particle Viscosity on Mass Transfer and Heterogeneous
Ozonolysis Kinetics in Aqueous-Sucrose-Maleic Acid Aerosol. Physical Chemistry
Chemical Physics 2018, 20, 15560-15573 with permission from The Royal Society of

Chemistry.

4.5 Conclusions
The multilayer adsorption isotherm model is applied in this chapter to study
properties of single particles. The model is used to estimate pH of acidic particles, to study

aerosol hygroscopicity of various organic compounds, and to interpret optical tweezer
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measurements of gas-particle partitioning with ternary aqueous solutions of

sucrose/organic acid.

In the first method of the pH study, pH was determined for individual laboratory
generated aerosol particles of varying composition at ambient conditions using Raman
microspectroscopic measurements of acid and conjugate base species and the extended
Debye-Hickel relationship. In addition to aerosol particle pH measurements, this study
explored gas-particle partitioning of volatile acid species and a few aspects of ion behavior
in relation to particle pH. Nitric acid and acetic acid were found to partition from the
particle to the gas phase due to increased surface-to-volume ratios and did so more than
the other acid species because of their higher volatility. In terms of the impact of organic
and inorganic components on ionic strength and H* activity, the inorganic particles had
larger, more variable ionic strength with smaller, less change in the H* activity coefficient,
while the organic particles had larger, more variable H" activity coefficient values with
smaller, less change in ionic strength. These results show the potential for direct
measurement of pH and ion behavior in individual aerosol particles and will enable future
studies of more chemically complex particles, including ambient aerosol, which will
improve understanding of their pH-dependent chemical processes and climate-relevant

properties.

The second method of the pH study presents a simplistic method for direct
measurement of pH by colorimetric analysis of aqueous aerosol samples. Comparison with
direct measurement of single particle pH using the combined spectroscopic method and the

isotherm model validated these results. Fundamental acidity studies of aerosol particles
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provide an increased understanding of pH-dependent multiphase chemical processes, that

affect human health and the environment.

In the hygroscopicity study in section 4.3, the equilibrium hygroscopic data for
various organic compounds, majorly amino acids, with different O:C ratios are presented.
Amino acid UNIFAC thermodynamic model predictions are not in agreement with
experimental observations, while the isotherm model is. The discernible differences in
hygroscopicity for different compound classes offer the potential for future modeling
methods to be built on relationships between compound classes and O:C and N:C ratios.
Predictive tools considering these very general and smooth relationships would be much
less computationally expensive than current group contribution methods and thus could be

incorporated into climate models.

In the mass transfer study in section 4.4, a comprehensive set of viscosity
measurements for particles at steady state compositions has been presented, i.e. various
mass ratios of sucrose:MA and with varying moisture content. From these data, a clear
suppression in the rate of volatilization is apparent with increasing particle viscosity, i.e.
increasing sucrose fraction and decreasing moisture content. The measured kinetics of the
ozonolysis of MA, for particles with varying MA:sucrose mass ratio and at varying RH are
also reported. The study illustrates the need for more refined measurements of multiple

experimental parameters if the kinetic models are to be more fully constrained.
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Chapter 5

Temperature Dependent Activity
Coefficient Model toward Better
Understanding of Thermal-Chemical

Aerosol Processes

5.1 Introduction

Water uptake and loss by atmospheric aerosol particles is an important
phenomenon, the effects of which are changing global climate,® aerosol optical
properties,° visibility'! and human health.® It is caused by changes in the ambient relative
humidity and temperature. Therefore, it is essential to study the dependence of

thermodynamic properties on the relative humidity as well as temperature. The effect of
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relative humidity (RH) has been the focus of this dissertation. Thermodynamic models for
calculating the chemical concentration and chemical potential as a function of RH has been
detailed in Chapters 2 and 3. The calculations were then used in Chapter 4 to find the
hygroscopic growth of particles that affects cloud condensation nuclei changing cloud
properties.”1%4-1% The results were also used in Chapter 4 to determine the acidity of
atmospheric aerosol particles, for improved understanding of aerosol chemical processes
related to climate change and human health.®>*>" These recent theoretical developments
focusing on aerosol aqueous droplets relevant to climate models include predictions of bulk
solution thermodynamic properties of complex multicomponent solutions over the entire
relative humidity range. However, the model so far has been developed for a temperature
of 298.15 K only for a wide range of salts, organics and ternary mixtures. The model needs

to be extended for a wide range of atmospheric temperatures.

In order to study atmospheric cloud and aerosol properties at a range of
temperatures, data for a wide range of temperature is required for a variety of chemical
systems. For example, frozen nitric acid and sulfuric acid droplets are important
components in the coldest region of the Earth's stratosphere.’>® Activity coefficients have
been calculated as a function of temperature (223.15 to 393.15 K) for 0 — 100% nitric
acid®™®% ysing Pitzer’s model.*> Ammonium sulfate is also an important component of
aqueous atmospheric aerosols.?*!6! Water activities of ammonium sulfate have been
measured using electrodynamic balance from 278.15 to 313.15 K,*° Furthermore,
isopiestic measurements of aqueous ammonium sulfate, sulfuric acid, and their mixtures
have been made at 298.15 K and 323.15 K, and used for thermodynamic modeling of pure

aqueous ammonium sulfate from freezing points to boiling points of the solutions.*** To
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cover temperatures from lower troposphere to stratosphere, the PSC (Pitzer, Simonson,
Clegg) equations®*® have been used to develop a model that includes NH4*, SO4~ and NOz"
162 The model is effective for concentrations from infinite dilution to only saturation valid
for temperatures 263 — 330 K. Other well-studied systems include ternary sodium chloride-
sodium sulfate-water for industrial applications subject to large temperature changes, and
activity coefficients from electromagnetic field (EMF) measurements have been

determined at different temperatures.*6®

However, these systems are only a limited subset of needed chemical compositions.
Indeed, the effect of RH on water uptake and chemical potential is far better understood
than temperature dependence. Towards incorporation of temperature dependence in the
model, this chapter provides a first step by reviewing the temperature dependence of
atmospheric processes. Section 5.2 presents a review of the literature to study temperature
dependent nucleation in new particle formation, ice nucleation, crystal nucleation, cloud
condensation nucleation, and glass transition and liquid-liquid phase separation in
atmospheric aerosols at tropospheric temperatures. Section 5.3 presents the development
of the Coulombic model to study dependence of temperature on the model parameters,
including intermolecular distance between solute and solvent, and the dipole moment of

the solute.

5.2 Review of Thermal-Chemical Dependent Aerosol Processes/Nucleation
Nucleation is significant in the troposphere, which is the lowest layer of the
atmosphere with an average global temperature of 288K. Studies suggest that the

nucleation process of new atmospheric aerosol particles drives climate change and governs
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radiative properties of Earth’s atmosphere. There can be two major instances Of
atmospheric nucleation — condensation of the gas phase to form small aqueous solution
droplets (new particle formation), and liquid to ice particles (ice nucleation). The
nucleation process in the absence of foreign substances is known as homogeneous
nucleation, i.e. solid or liquid particles are formed from pure supersaturated vapor, and ice
particles are formed at low temperature inside a uniform solution droplet. Whereas, the
nucleation process is heterogeneous when it is enabled by the presence of foreign

particles/surfaces. The studies discussed here are summarized in Table 5. 1.
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temperature

phase separation

ammonium sulfate

process chemical compounds reference
range (K)
new particle 160 — 180 water-nitric acid 164
formation 198 - 223 sulfate particles 165
200 - 300 alcohols and dicarboxylic 166
acids
ammonium sulfate, sodium
263 - 293 167,168
chloride, ammonium nitrate
) ) potassium chloride, sodium
ice nucleation 278 — 323 _ _ 169
sulfate, sodium nitrate
243 - 298 ammonium bisulfate -water 170
ammonium sulfate,
213-233 ammonium bisulfate, Qe
sulfuric acid
ammonium sulfate,
210 — 298 ammonium sulfate-calcium 172
crystal carbonate
nucleation 250 - 273 sodium chloride 173
ammonium sulfate, sodium
278 - 308 ) _ _ 174
nitrate, potassium chloride
glucose, sulfuric acid,
140 - 300 ammonium nitrate, 175
glass transition ammonium sulfate
alpha-pinene secondar
206.5 - 291 pra-p _ Y 176
organic aerosol
liquid-liquid mixed organic species and
q a 244 — 290 J P L

Table 5. 1. Summary of temperature dependence studies for various aerosol processes.
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5.2.1. New particle formation

New particle formation is a phenomenon which occurs when the gas phase species
form new particles in the atmosphere. Vehkamaki and Riipinen (2012) show in Figure 5.
1a, how a particle nucleus is created by molecular collision to form a stable cluster, and
condensation of the supersaturated vapor on an existing particle.’® A thermodynamic
scheme has been developed to incorporate temperature dependence to study its impact on
sulfuric acid-organics nucleation rates.!’® The results suggest that a 10 K increase in
temperature may reduce the nucleation rate by ~1 order of magnitude. Yet, with decreasing
temperature, the nucleation rate constant (obtained from freezing point measurements of a
submicron aerosol particle containing water-nitric acid in 2:1 ratio by Fourier transform
infrared extinction spectroscopy) increases between 180 — 175 K, whereas decreases
between 175 — 160 K.!%4 The decrease in rate constant is because this temperature range
represents the glass temperature, i.e. when the viscosity becomes high. There have been
studies of possibility of formation of new sulfate (S04%) particles through homogeneous
nucleation at -75 to -50 °C, which reveal that the nucleation rate increases by orders of
magnitude with decrease in temperature at extremely low temperatures. % The results also
suggest that the possibility of homogeneous nucleation over heterogeneous nucleation is

increased with decrease in temperature at such stratospheric temperatures.
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Figure 5. 1. (a). Gas-to-particle conversion processes and growth. Reproduced from
Vehkamaki, H.; Riipinen, I. Thermodynamics and Kinetics of Atmospheric Aerosol
Particle Formation and Growth. Chem. Soc. Rev. 2012, 41, 5160 with permission from The
Royal Society of Chemistry. (b). Aerosol processes in the atmosphere with respect to
ambient relative humidity and temperature.® Shiraiwa, M.; Ammann, M.; Koop, T.;
Poschl, U. Gas Uptake and Chemical Aging of Semisolid Organic Aerosol Particles. Proc.
Natl. Acad. Sci. 2011, 108 (27), 11003-11008. Reprinted with permission from PNAS.

5.2.2. Ice nucleation (IN)

One place where temperature dependence affects ice nucleation is the water
activity. The change in water activity with temperature describes the freezing point
depression resulting from solute effect. However, it may indicate freezing temperature for
only some aqueous solutions (examples of ammonium sulfate and sulfuric acid in Figure
5. 2 show that sulfuric acid aerosol has a lower freezing temperature).'8! Swanson (2009)
shows the homogeneous freezing temperature data in Figure 5. 2 for ammonium sulfate
and sulfuric acid solution aerosols, published previously over the last decade in blue open
circles, and from his study in red solid circles.*®! Since the effect of change in water activity
on temperature depends on the specific nature of the solute, the relationship with solution

composition must be well understood. The concentration-water activity relationship
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depends not only on the chemical nature of the solute, but also on the temperature.
Particularly at low temperatures of the upper troposphere, water activity of many solutions
is unknown. The gap limits understanding of nucleation and phase change in the
atmosphere.* Hence, freezing point and melting point curves as a function of water activity

and/or concentration are required to be measured/modeled.
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Figure 5. 2. (a). Ammonium sulfate-water solution freezing. (b). Sulfuric acid-water
solution freezing. The solid red circles and the dashed red lines represent the freezing
curves. Reproduced from Swanson, B. D. How Well Does Water Activity Determine
Homogeneous Ice Nucleation Temperature in Aqueous Sulfuric Acid and Ammonium
Sulfate Droplets? J. Atmos. Sci. 2009, 66 (3), 741-754. ©American Meteorological
Society. Used with permission.

In some cases, the temperature effect has been found to be subtle or even negligible.
Experimental measurements of melting and freezing points, and hygroscopicity data of
single aerosol particles of aqueous organic solutions have been made for various
concentrations. These measurements are made by using an electrodynamic balance and
differential scanning calorimetry for relative humidities, 10 - 90% and temperatures, 200 -
300 K to study effect of temperature dependence on water activity at tropospheric

conditions.’®® Hygroscopic growth and deliquescence relative humidities of aerosol
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particles have been measured by Hygroscopic Tandem Differential Mobility Analyzer (H-
TDMA) at temperatures -10 to 20 °C, and it was found that there was negligible
temperature dependence of the water activity in the solutions of ammonium sulfate, sodium
chloride, and ammonium nitrate. 6”168 Water activities, osmotic and activity coefficients
have also been determined by hygrometric method for aqueous solutions of potassium
chloride, sodium sulfate and sodium nitrate for different concentrations and temperatures
278 — 323 K, and found that variation of water activity with temperature is less than
0.2%.%%° However, with increasing concentrations, the temperature dependence increases,

shown with sucrose solutions.18?

Laboratory measurements have been performed for ammonium bisulfate-water
system from -30 to 25 °C, and found that the ice equilibrium freezing temperature obtained
by Clausius-Clapeyron equation reduces with decreasing water activity,!’® agreeing well
with the Clegg et al. low-temperature model for ammonium sulfate-sulfuric acid-water
system.®? Using thermodynamic models, water activity is determined above the ice melting
point, and then extrapolated at supercooled temperatures.'®-18" However, it is assumed to

not change significantly with decreasing temperature when data/model is unavailable.®

Homogeneous formation of ice in aerosol particles of ammonium sulfate,
ammonium bisulfate and sulfuric acid has been studied under upper tropospheric
conditions (-60 to -40 °C) with a continuous flow thermal diffusion chamber, and found
that ice supersaturation increases with decreasing temperature, and the water activity
decreases with decreasing temperature.r’* Berkemeier et al. (2014)'®° show that the
nucleation (freezing) temperatures of solution droplets decrease with decreasing water

activity, and that the heterogeneous nucleation temperature curve has higher temperatures
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than the homogeneous temperature curve (schematic shown in Figure 5. 3).190.191.18% For
example, organic surfactants forming a shell on aqueous droplets, or presence of mineral
dust may prompt ice nucleation at warmer temperatures than homogeneous freezing
temperatures.*®® In addition, decrease in cooling rate and increase in ice nucleation surface
area also increase the droplet freezing temperature.®? In the study,®? a water activity based
immersion freezing model is introduced to investigate effects of changing surface area and

cooling rates on the freezing.

5.2.3. Crystal nucleation

In addition to formation of a new particle and formation of ice as nucleation
processes, there are other phase transitions that may occur e.g. formation of solute crystals
from aqueous droplets by efflorescence. Electrodynamic trap experiments have been
performed to study temperature dependent heterogeneous nucleation (efflorescence) of
internally mixed single microparticles of ammonium sulfate/calcium carbonate within a
temperature range 210 — 298 K.1"2 The study reports that both homogeneous (ammonium
sulfate nucleation) and heterogeneous efflorescence relative humidities only slightly
increased with decreasing temperature. Small amount of calcium carbonate in ammonium
sulfate solution has a significant effect on the kinetics of crystallization, and the results
suggest that the temperature dependence of this heterogeneous efflorescence depends on
the surface area and efficiency of the catalytic substance, and the temperature dependence

of homogeneous nucleation as well.

In addition to temperature dependence, the concentration at which phase transition
occurs, e.g. efflorescence or liquid-liquid phase separation, in mixed systems may be
altered depending on the size of the particle.’®® At 298 K, an aqueous ammonium sulfate
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droplet is regarded as molten state in the study*®® when the ammonium sulfate:water molar
ratio increases with decreasing droplet size. The critical diameter, defined as the diameter
below which droplets are expected to be in homogeneous liquid state at ambient
temperature, decreases as the bulk transition temperature is reduced for sodium chloride
and ammonium sulfate solutions. It has been found from electrodynamic balance and
Raman microscopy experiments'’® that formation of sodium chloride dihydrate by
heterogeneous nucleation of sea-salt aerosol particles strongly depends on the temperature.
At temperatures higher than 273 K, anhydrous sodium chloride is more stable, whereas at
temperatures lower than 250 K, sodium chloride dihydrate is more stable. Another study
with electrodynamic balance experiments in the temperature range 5 — 35 °C for
ammonium sulfate, sodium nitrate and potassium chloride particles showed that the

deliquescence relative humidity increased with decreasing temperatures.*’*

5.2.4. Glass transition of aqueous solution droplets

Another important behavior in aerosol particles at low tropospheric temperatures is
that they form glasses, i.e. highly viscous liquids. When this occurs, the molecular motion
becomes slow, and at the glass transition temperature, the particles form amorphous
substances instead of crystallization (shown in Figure 5. 3).1%41% Berkemeier et al. (2014)
show in Figure 5. 3'® how the phase state changes with ambient relative humidity, and
that upon drying, the phase transitions to a glassy state. In a study by Zobrist et al. (2008),"
for an aqueous glucose solution, as the solution concentration is increased, the
homogeneous ice nucleation temperature decreases, but the glass transition temperature,
Ty, increases. The increase in Tq is stronger for organics than inorganics in the temperature

range 160 to 280 K. For example, the increase in Tq is higher for a glucose solution, and

101



the glass transition temperature (Tg) increases from 140 to 300 K with decreasing water
activity from 1 to 0 (increasing concentration). On the other hand, for inorganics, e.g. a
sulfuric acid, ammonium nitrate or ammonium sulfate solution, the glass transition
temperature increases from 140 to 180 K. Therefore, in the atmosphere, it is most likely
for the organic-rich aerosols to be present in glassy state at ambient conditions above 180
K. In addition, glass transition temperatures are higher for multicomponent solutions
containing organics than inorganic solutions at the same concentrations.'”® The study also
suggests that Tq increases with presence of more hydrophobic molecules, and lifetime of
the glassy aerosol particles increases due to the inhibition of the chemical reactions and

water uptake.
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Figure 5. 3. Atmospheric processes in aerosol particles depending on temperature and
humidity.® Reproduced from Berkemeier, T.; Shiraiwa, M.; Péschl, U.; Koop, T

Competition between Water Uptake and Ice Nucleation by Glassy Organic Aerosol

Particles. Atmos. Chem. Phys. 2014, 14 (22), 12513-12531.

In a study with alpha-pinene secondary organic aerosol (SOA), it was observed that
water diffusion is high at temperatures above 220 K, and that it does not deter water uptake
as it is not strictly associated with Tq.17® The study involves water diffusion measurements
with respect to temperature and water activity by double-ring electrodynamic balance

(EDB) to study its effect on particles to act as cloud condensation nucleus (CCN) and ice
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nucleus (IN) between 206.5 and 291 K. The study also provides results from model
simulations to show that the condensed-phase water diffusion does not affect the

homogeneous ice nucleation rate.

5.2.5 Liquid-liquid phase separation (LLPS)

There is a possibility of another process, i.e. liquid-liquid phase separation, at a
certain range of ambient relative humidity. Studies have shown that liquid-liquid phase
separation (LLPS) might be affected by a change in temperature, due to its influence on
the thermodynamics and kinetics of liquid-liquid phase transitions (example of core-shell
morphology in Figure 5. 3). In a study with particles containing mixed organic species and
ammonium sulfate, influence of temperature was studied for a range 244 — 290 K.*" The
study showed that LLPS relative humidity does not strongly depend on the temperature,
agreeing with other studies;**1% there was only a slight decrease in the LLPS relative
humidity with decreasing temperatures. In addition, LLPS may not even occur at extremely
low temperatures due to Kinetic barrier by diffusion limitations. In a separation study to
yield pure alcohol from water-alcohol-entrainer (organics) mixtures, the organic phase
becomes richer in alcohol with increasing temperatures.'®’ In other studies with polymer
blends, it has been found that LLPS might alter the rate of crystallization depending on the

glass transition temperatures.1%

5.2.6 Cloud condensation nuclei (CCN) activation

Finally, the concentration of cloud condensation nuclei (CCN), a major factor of
aerosol indirect effect on the climate by modifying cloud properties and precipitation, is
dependent on the new particle formation in the atmosphere (Figure 5. 1b by Shiraiwa et

al. 201118%), Studies have shown that the CCN formation rate increases with decrease in
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temperature in the troposphere.t®® Hence, the CCN concentrations are comparatively lower
in the summer,*’® indicating that CCN activity decreases at higher temperatures.?®® There
has been a study to show the influence of temperature-dependent surface tension on the
CCN activity.?®® The study reports that surface tension increases with decreasing
temperature, resulting in a higher saturation vapor pressure, thus increasing the critical
supersaturation required to activate an aerosol particle into a cloud droplet. Yet in another
study, for same supersaturation, CCN activity for larger inorganic particles is higher at

higher temperatures.?%

5.3 Temperature Dependence in Coulombic Model

5.3.1. Model description

Towards improved prediction of thermodynamic properties of aerosol particles as
a function of temperature, in this section, the explicit (kT in equation (5. 1)) and implicit
(model parameters including intermolecular distance, dipole moment) temperature
dependence in the model equation are taken into consideration. The adsorption model
presented here is extended to include a temperature-dependent model for ammonium
sulfate, ammonium nitrate and nitric acid for which experimental data is available at
different temperatures. The model equation (5. 1) for the Coulombic energy has the

following dependency on temperature:

As;; (. 1)
G = e (77

where C; ; is the adsorption energy parameter that is related to the change in energy, Ag;;,

of the free solvent in the bulk from the bound solvent to the respective monolayer, i, of the
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solute, j, k=1.38 x 10-23 JK! (Boltzmann’s constant), T is the temperature.®* The explicit
temperature dependence is taken into account when calculating the energy parameters
using the Coulombic model. The model parameters ;; (the interspatial distance between a
cation and anion in the solute) and p; (long-range interaction Debye-Huckel parameter)
for the electrolytes and 7, (the intermolecular distance between solute j and solvent w) for
the organic acid are fit to the data-set at respective temperatures. The model may be used

to treat the temperature dependence on the Debye-Hiickel, p parameter using:
p = a(2e?N,d,/M,e,DkT)/? (5.2)

where, a is the hard-core collision diameter of the solute, e is the charge, N, is Avogadro’s
number, d, is the density of the solvent, g, is the permittivity of free space, M, is the
molecular weight of the solvent and D is the dielectric constant or relative permittivity of
the solvent. Note, while T appears explicitly in equation (5. 2), both density and

permittivity also have a temperature dependence.

5.3.2 Results and discussion

The temperature dependent Coulombic model has been applied to ammonium
sulfate, ammonium nitrate and nitric acid to determine solution properties - osmotic
coefficient and activity coefficient at various temperatures. The model now includes the
temperature parameter as a variable, unlike a fixed temperature in Chapters 2 and 3. The

results for the model with fitting parameters 7;;, u; and p for ammonium sulfate are shown

IE
in Figure 5. 4, and the model parameters are provided in Table 5. 2. The model fits to
experimental literature data available for temperatures between 278 — 313 K and calculates

osmotic coefficients. However, due to limitations in data availability at different
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temperatures for more compounds, the model is fit to values extracted from an existing
aerosol thermodynamic model, extended-aerosol inorganics model (E-AIM), in the
temperature range 220 — 323 K. The fitting is done to understand the effect of temperature

on the model parameters, intermolecular distance, r;,,, dipole moment, 1;, and the Debye-

Hickel parameter, p.

1.0
—
=
~~
—
C L
Q0
O
be
S
&) 0.5 -
-9 go.
- o
S
= s
8 50.7
05 06 07
root mole fraction (x)"*
0.0L— . AR :

0.0 0.2 0.4 0.6 0.8 1.0

root mole fraction (x)"

Figure 5. 4. Three-parameter model for ammonium sulfate: fitting parameters - p, rj; and
1. Osmotic coefficient (¢ = -In (a,,)/M,, ¥.; v;m;), plotted against the square root of the
solute mole fraction (x = X ; v;m;/(X; vym; + 1/M,,)). Lines (model calculations): black,
278 K; brown, 283 K; green, 288 K; purple, 308 K; dark yellow, 313 K. Symbols: black,
278 K experimental data; brown, (283 K) experimental data; green, 288 K experimental
data; purple, 308 K experimental data; dark yellow, 313 K, where references for the

experimental data given in Table 5. 2. The subplot represents model fitting to the data;

predictions shown in solid lines.
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N;j T (K) pa L7 (A)a Yiw (A)b ,Ll]a MSE® ref

278 6.89 -1.023 3.944 8.43 2.73x10%
283 6.99 -1.051 3.921 8.30 1.89 x 10

3 288 6.39 -0.880 4.069 9.34 437 x 104 130133
308 5.81 -0.501 5.264 19.06 6.02 x 10*

313 5.92 -0.397 4.487 12.28 4.30 x 10"

Table 5. 2. Fitted parameters for (NH4)2SO4 at various temperatures. 2Fitted value.

bCalculated value. °MSE is a normalized mean-square error, equal to

(%) Z:Z’l (Mmoderi — Maata,i)/ Mmoderi))?, Where n,, is the number of data points.
17

The model is fitted to the E-AIM calculated values as shown in Figure 5. 5 - Figure
5. 7 forammonium sulfate, ammonium nitrate and nitric acid respectively, and the variation
in model parameters as a function of temperature is presented in Figure 5. 8. The change
in solute-solvent intermolecular distance, 7;,, and the change in dipole moment, u; for
ammonium sulfate was not significant, although both 7;,, and p; had higher values above
300 K. The Debye-Hiickel parameter, p showed an increase at lower temperatures and a
decrease at higher temperatures. For ammonium nitrate, 7;, slightly decreased with
increasing temperatures, and the decrease was somewhat greater for nitric acid. The dipole
moment, u; showed a slightly decreasing trend for ammonium nitrate, but an increasing
trend for nitric acid with increasing temperatures. Finally, for both ammonium nitrate and

nitric acid, p showed a steep increase with increasing temperatures.
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Figure 5. 5. Three-parameter model for ammonium sulfate: fitting parameters - p, 7j; and
1. (See caption from Figure 5. 4). Lines (model calculations): black, 220 K; brown, 240
K; green, 260 K. Symbols: black, 220 K E-AIM data; brown, 240 K E-AIM data; green,
260 K E-AIM data, where the data-points are calculated values extracted from E-AIM,

reference given in Table 5. 3. The subplot represents model fitting to the data; predictions

shown in solid lines.
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1. (See caption from Figure 5. 4). Lines (model calculations): black, 220 K; brown, 240
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data; violet, 313 K E-AIM data; magenta, 323 K E-AIM data, where the data-points are

calculated values extracted from E-AIM, reference given in Table 5. 3.
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Figure 5. 7. Three-parameter model for nitric acid: fitting parameters - p, r;; and u;. (See
caption from Figure 5. 4). Lines (model calculations): black, 200 K; brown, 220 K; green,
240 K; purple, 260 K; dark yellow, 280 K; blue, 293 K; violet, 303 K; magenta, 313 K;
navy, 323 K. Symbols: black, 200 K E-AIM data; brown, 220 K E-AIM data; green, 240
K E-AIM data; purple, 260 K E-AIM data; dark yellow, 280 K E-AIM data; blue, 293 K
E-AIM data; violet, 303 K E-AIM data; magenta, 313 K E-AIM data; navy, 323 K E-AIM

data, where the data-points are calculated values extracted from E-AlM, reference given in
Table 5. 3.
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solute n T (K) p? ri (B2 1y (RP pj? MSE® ref

220 6.00 -1.90 319 453 7.38x107?
240 6.67 -1.97 312 531 3.59x102
260 7.27 -2.00 310 425 4.88x107?
(NH4)2S0s4 4 273 7.20 -1.99 311 427 9.15x10?
278 7.37 -1.97 312 434 1.28x10%?
283 7.57 -1.97 312 435 201x10%
288 7.74 -1.96 314 439 3.23x10%
220 4.70 3.11 6.24 2857 3.29x10?
240 4.94 3.07 6.19 28.85 1.99x107?
260 6.26 3.06 6.18 29.07 9.47x10°
NHzNOs ) 280 8.15 3.05 6.17 29.22 4.53x107
293 9.54 3.04 6.17 29.30 3.02x10°
303 1064  3.04 6.16 29.35 2.35x10°
313 1172  3.04 6.16  29.39 1.93x10°
323 1269  3.03 6.16 29.43 1.72x10°
200 6.05 1.05 339 640 1.23x10*
220  16.76 1.00 334 6.08 1.97x10*
240 4062  0.97 331 586 3.30x10*
260  56.63  0.96 330 575 4.29x10*
280 6584  0.93 327 558 6.95x10*
293  60.73  0.92 326 548 1.00x10°
303 7468  0.89 323 530 1.19x10°
313 7941  0.86 320 511 1.39x10°
323 6896  0.82 316 489 154x10°

Table 5. 3. Fitted parameters for ammonium sulfate, ammonium nitrate and nitric acid at

32,61,

62,162,

185-

187,

203

HNO3

various temperatures. 2Fitted value. PCalculated value. °MSE is a normalized mean-square
1 Np 2 .
error, equal to <E) 2t ((Minogeri — Maata,i)/ (Mmoder,i))”, Where n,, is the number of

data points. Ref: http://www.aim.env.uea.ac.uk/aim/aim.php,3261,62162,185-187,203
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Figure 5. 8. Temperature dependence on (al, bl, c1) intermolecular distance between
solute and solvent, (a2, b2, c2) dipole moment, (a3, b3, c3) Debye-Hiickel parameter, for
(al-a3) ammonium sulfate. (b1-b3) ammonium nitrate. (c1-c3) nitric acid. Symbols: blue
circle, model fitted to E-AIM calculated values; purple diamond, model fitted to

experimental literature data.

5.4 Conclusions

For aerosol studies in the troposphere, considering the temperature dependence is
essential. The chapter provides a review of different aerosol phase-change processes, and
how the temperature influences such processes. The model presented in the second part of
this chapter, takes into account the temperature dependence of the model parameters by
extending parameterization at different temperatures for which data is available. The model
is developed over the entire concentration range, that also provides an insight on the effect

of temperature on water activity.
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Chapter 6

Microfluidic Experiments to Study
Liquid-Liquid Phase Separation in
Organic Acids-Ammonium Sulfate

Aqueous Aerosol Solution Mimicsf

TAdapted with permission from Nandy, L.; Dutcher, C. S. Phase Behavior of Ammonium
Sulfate with Organic Acid Solutions in Aqueous Aerosol Mimics Using Microfluidic
Traps. J. Phys. Chem. B 2018 122 (13), 3480-3490. Copyright (2018) American Chemical

Society.
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6.1 Introduction

Water-soluble organic acids such as dicarboxylic acids are known to form a
significant fraction of organic aerosol mass, yet the chemical composition and interactions
between components in an organic acid—inorganic salt mixed particle remain unclear. In
this chapter, phase behavior of different mixing ratios of the salt and organic acids, here 3-
methyl glutaric acid and 3-methyl adipic acid, are investigated with respect to their water
activity. A microfluidic pervaporation approach is used to study different phase transitions
of internally mixed aqueous droplets. Single droplets of varied compositions are trapped
and stored in microfluidic wells until dehydration, where both the water content and the
solution volume of the droplet decrease slowly with time as shown in Figure 6. 1. The
volume is calculated by imaging techniques and correlated with the initial known
concentration of the solution to determine concentrations at each time interval. The phase
transitions of the droplets with changing concentrations are also observed under an inverted
microscope. The study will help determine the concentration at which a mixture droplet,

mimicking organic and inorganic atmospheric aerosols, changes phase.
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Figure 6. 1. Schematic to show reduction in volume of a ternary aqueous organic-inorganic
mixture aerosol droplet upon evaporation. Droplet starts as a homogeneously mixed
solution at high relative humidity which subsequently depicts different phase behavior as
it loses water. Relative humidity on the x-axis is equivalent to the water activity of the

solution droplet.

In previous studies, deliquescence, efflorescence and separation relative humidities
of mixed ammonium sulfate and organic compound particles have been measured in
laboratory using a combination of optical microscopy and flow-cells, and are reported
along with different morphologies observed for the particles.®66:67.204 The studies suggest
that core-shell and partially engulfed structures exist in tropospheric aerosols. Functional
groups such as hydroxyls, dicarboxylic acids and oxidized aromatic compounds have been
studied with AS for liquid-liquid phase separation with OIR 2:1, 1:2 and 1:6, that also
reported dependence of O/C.2% They found that liquid-liquid phase separation occurred for

0.56 < O/C < 0.8, and that it depended on the composition of the functional group.
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Moreover, studies on effect of pH on the SRH have also been investigated leading
to hysteresis between the SRH on lowering RH and the mixing relative humidity (MRH)
on increasing RH.2% The studies suggest that the shift in SRH of the bulk solution is due
to the changes in its protonation states. Some studies have linked hygroscopic growth of
aerosols to their optical properties,*® and found that change in water content with respect
to ambient RH affects size, refractive index (RI), and phase of atmospheric aerosols.
Studies on water content in aerosols, in turn, enhances understanding of solar radiation and

aerosols interaction.?%’

In this chapter, multiphase microfluidics is used to trap aqueous droplets of different
organic acids and salt mixtures that mimic atmospheric aerosols to study phase behavior
and water loss properties. The systems studied here are meant to mimic atmospheric
aerosol aqueous droplet dynamics. For actual atmospheric aerosols, the water activity in
the droplet phase is equal to the ambient relative humidity.? For this reason, the calculated
water activities found here are also reported as relative humidities (RH) for use in aerosol
science applications. Mixtures of dicarboxylic acids with ammonium sulfate of different
concentrations and organic-to-inorganic ratios are studied to determine the concentrations
of efflorescence or crystallization as well as liquid-liquid phase separation. The study will
shed insights on phase transition processes as a function of RH and aerosol concentrations

that affect weather and climate.2%®

6.2 Experimental Method and Materials
To measure concentrations of aerosol chemical mimics with respect to the ambient

relative humidity and to study liquid-liquid phase separation and efflorescence points, a
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microfluidic device is fabricated with traps for two-phase fluid flow.2®21 The
microfluidic devices are fabricated in poly(dimethylsiloxane) (PDMS, Sylgard 184
Silicone Elastomer, Dow Corning Corporation) using soft lithography techniques.?2213 A
computer-aided design (CAD) based software, DraftSight (Dassault Systémes), is used to
design and draw a mask, and using standard photolithography in a clean-room facility, a
master mold silicon wafer is prepared from the printed mask.?'* PDMS is then poured,
degassed and cured to yield devices which are then cut out as individual chips from the
wafer. The PDMS chip is then punched with holes, bonded to a glass cover slide, and
polyethylene tubing (BD Intramedic PE tubing, 1.52 mm OD, 0.86 mm ID) is used to

deliver the fluids to the device.

An inverted microscope (Olympus 1X83) with phase contrast and bright-field
imaging is used to perform experiments, and images are captured by a high-speed
Lumenera INFINITY?2-2M (mono) camera. Image of a microfluidic device trap design is
shown in Figure 6. 2, and image of a droplet in the trap is shown in Figure 6. 3a. A steady
flow of the continuous phase, here hydrophobic silicone oil (Fisher Scientific, CAS 63148-
62-9), acting as a carrier fluid that wets the channel walls, surrounds the dispersed phase
droplets generated in the microfluidic device. The biphasic microfluidic flow is controlled
by pressure-driven flow by syringe pumps (Harvard Apparatus, Massachusetts) attached
with gastight syringes (Hamilton) that supply steady and constant flow rates. The flow rate
of continuous phase and dispersed phase are set at 0.001 mL/min and 0.0001 mL/min
respectively. The droplets are generated at the T-junction having a cross-flow structure
where the two immiscible streams, continuous and dispersed phases, are fed orthogonally

to produce monodisperse droplets.?!>21® The droplets of the dispersed phase shear off by
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the upstream pressure exerted by the continuous phase,?121"218 and enter the traps. The
subsequent droplets flow through the bypass channel and enter the following traps.20%210
Each device has an array of traps where the droplets stay confined as soon as all the flows
are stopped; only one droplet is imaged. Because PDMS is a highly permeable material,
pervaporation (a separation mechanism that is based on the solution diffusion model to
study mass transport mechanisms)?'® occurs and droplet volume reduces continuously with
time. Other studies use PDMS membrane pervaporation process in microfluidic channel
for solidification of material,??° to extract the solvent of a dilute colloidal dispersion,??* and
characterize phase behavior in a range of complex systems using microfluidic wells similar

to those studied here.?%?

Channel height: 85-95 pm

200 pm I

\

400 pm rE Restriction:
(diameter) 40 pum

Figure 6. 2. Microfluidic trap design image; 10x magnification. Note: two different devices

with channel heights 85 and 95 um, respectively are used.

The aqueous solutions of the organic compounds of interest in this study are
dicarboxylic acids — 3-methyl glutaric acid (3MGA, Sigma-Aldrich, CAS 0626-51-7) and
3-methyl adipic acid (3MAA, Sigma-Aldrich, CAS 3058-01-3). For the experiments,
solutions are prepared by adding the organic acids to different concentrations of

ammonium sulfate (AS, Avantor Performance Materials, CAS 7783—20—-2) solutions
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prepared in HPLC-grade water (Sigma-Aldrich, CAS 7732—-18-8). Experiments with
binary AS solution of varying concentrations are initially performed to validate the
resultant ERH by comparing with that to available in the literature.’®3! Solutions of
organic-to-inorganic ratio (OIR, by dry mass) with range 0.1 to 10 are then prepared to
study the influence of organic acids on the efflorescence point of AS. The solution droplets
once trapped in the microfluidic devices are dehydrated in laboratory ambient conditions
(23°C, 21-23% RH), and images are taken every second. Selected images are analyzed
using Imagel software??® to calculate the droplet equivalent diameters. The droplet

volumes are then calculated using equations derived by Vuong and Anna.??422°

The two devices used for this study have channel heights of 85 and 95 pum,
respectively, and a well diameter 3-4 times bigger than the channel height (measured
directly using scanning electron microscopy). Therefore, the initially trapped droplet size
varied from 200 to 350 um that reduced to as low as 40 um until dehydration. The droplet
volume is calculated using a pancake-shape approximation??#225 when the droplet diameter
exceeds the channel height, as the droplet will be confined by the top and bottom walls of
the microfluidic device channel. When the droplet diameter reduces to that of channel
height on dehydration and subsequently lower than the channel height, the volume is

calculated using the simple volume of sphere equation assuming the droplet is unbounded.

The volumes of the pancake shaped droplets (when D > h) are calculated using
equation (6. 1), and the volumes of the subsequent smaller droplets (when D < h) that are

assumed to be spherical are calculated using equation (6. 2).22422
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mh® wh h (6.1)
Vpancake = T + T (Dpancake - h) (7 + Dpancake - h)

_ T[Dsphere3 (6 2)
Vsphere - T

where, D is the projected diameter, h is the channel height, Dpgncqke IS the projected

diameter when D > h, and Dy pere is the projected diameter when D < h.

Finally, the concentrations (molarities) are calculated using equation (6. 3) for the

respective droplets for which the volumes were found using equations (6. 1) and (6. 2).
VlMl = V2M2 = V3M3 = V4_M4_ = V5M5 = V6M6 =... (6 3)

where, V is the volume of the droplet, M is the molarity concentration of the droplet, and
1, 2, 3, and so forth are the droplet images that are analyzed in the sequence of reduced

droplet volume during evaporation.

Calculations are performed by assuming that only water from the aqueous droplet
leaves the PDMS device, and all the solute remains in the trap. The assumption was tested
and found to correctly yield the ERH for binary AS solutions as discussed later in Section
6.3.1. The mass or the number of moles of the solute remaining the same, volume (liter of
solution) times molarity (moles of solute/liter of solution) remains constant. Because the
initial concentration of the solution droplet is known, the concentrations are then calculated
for each reduced droplet volume. The method demonstrates the evaluation of solution
concentrations at different time steps during evaporation. In addition, the images from
ternary solution droplet experiments reveal occurrence of liquid-liquid phase separation,

for which the separation start and end concentrations are evaluated.
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The ERH of the binary AS solution is determined by using the isotherm-based
adsorption model®3648887 that calculates the water activities with respect to the input
concentrations (molalities, moles of solute/kg of solvent). The predictive model assumes
that each solute is surrounded by an arbitrary number of hydrated layers, and is developed
using statistical mechanics and electrostatic relationships to determine the energy
parameters for the sorption of water onto the hydration shell of solute molecule for each
monolayer. Note that the unit of concentration from the experiments is molarity, whereas
the adsorption model is “molality”-based. Therefore, in order to convert the units of
concentration from molarity to molality input to the model, densities are required4%226 (see
Appendix C for step-by-step calculations of the densities, molalities, and relative
humidities). Because the densities of ternary mixture solutions are not evaluated with
respect to the concentrations in this work, the number of moles of the solute per liter of
solution, i.e. the molarity is reported for the desired phase states of the ternary systems.
However, the relative humidities (equivalent to water activities) are reported for binary AS
aqueous solution from the model plot as shown in Figure C4 in Appendix C. The model is
fit to the literature data available, and predictions are made for higher concentrations for
which data is not available. Furthermore, the adsorption isotherm model can predict
activities with respect to the molality concentrations for organic acids and ternary solutions
as well.2¢ However, in order to calculate the molalities, the densities over the full range of

concentrations for these ternary solutions are required.
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6.3 Results and Discussion

6.3.1 Efflorescence relative humidity (ERH) of agueous binary ammonium sulfate (AS)
solution.

Images of a droplet at different stages of dehydration are shown in Figure 6. 3a,
and the zoomed-in images of the supersaturated droplet and the salt crystals are shown in
Figure 6. 3b. When the droplet reaches a particular concentration, it is not visible. It
happens when the refractive index (RI) of the droplet at that concentration matches with
that of the continuous phase liquid surrounding it. One of the images in Figure 6. 3b (ii)
shows the droplet with RI close to that of silicone oil (~1.4), and hence not clearly visible.
The droplet images are transparent/translucent when they are in liquid phase, and therefore
have a distinct boundary. The solid phase in the image sequence is distinguished when the

droplet image looks opaque throughout (Figure 6. 3a (iv) and Figure 6. 3b (iv), (V)).

/ ii

Figure 6. 3. (a) Phase contrast images of aqueous 0.25 molal AS solution droplet in silicone

oil; 20x magnification. Scale bar: 200 um. (b) Zoomed-in images of the supersaturated

droplet and the solidified crystal. Scale bar: 50 pm.
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The volumes of the pancake shaped droplets are calculated using equation (6. 1),
and the volumes of the subsequent smaller droplets that are assumed to be spherical are
calculated using equation (6. 2).224?25 |t is seen that the droplet volume reduces over time,
and the rate of evaporation reduces after a certain point as shown in Figure 6. 4. Using
equation (6. 3) which assumes that the total mass of the solute is constant, i.e. volume (L)
times concentration (moles/L) in the trap remains the same, the concentration of each
droplet volume is calculated. Due to pervaporation, the mass fraction of water reduces as

shown in Figure 6. 5a.

Droplet Volume (nL)

Time (hrs)

Figure 6. 4. Change in droplet volume of AS solution with time. Diameter of the well in

the inset micrograph images is 400 um.

The adsorption model®” is then used to calculate the water activities as a function of
droplet solution concentration. The water activities correspond to the relative humidities,
the plot for which with change in volume is shown in Figure 6. 5b. The step-by-step

calculations of the AS solution densities, water mass fractions, and water activities are
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included in Appendix C. Results from previous work using different experimental methods
and numerical models report the ERH of AS to be 30 — 40% depending on the size and
concentration.®24132 Table 6. 1 shows the ERH of different starting concentrations of
binary AS solution. The table also has the values of the RH at which the droplet is not
visible (matched RI). The initial size of the droplets is ~300 um, the matched RI relative
humidity is ~77%, and the ERH is ~31%. A sensitivity analysis of channel height was
done, and error was calculated for £2 um channel height. It is found that the volume
calculations of droplets with low initial concentration, i.e. approximately less than 1 molar,
are highly sensitive to the channel height used in the volume calculations, as the droplets
shrink significantly, and take a spherical shape, by the time they crystallize. The error in
final concentration for the dilute solution droplets is ~0.85% (yielding ~10% error in ERH),
as compared to ~0.07% for the concentrated solution droplets (~0.86% error in ERH) that
maintain the pancake shape until crystallization. Hence, it is desirable to study concentrated
droplets no less than 1 molar. Model studies for refractive index predictions of various
compounds with respect to their mass fraction and RH?27-22% are used to calculate the Rl of
the AS solution when the droplet is not visible in the experiments, and is found to be
approximately between 1.369 and 1.408. The RI of silicone oil, the surrounding phase, is

1.393 — 1.403,%° which is close to the RI of the salt solution reported here.
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Figure 6. 5. (@) Change in mass fraction of water with droplet volume of AS solution,
found using Equation (6. 3) and density calculations in Sl. (b) Change in relative humidity
with droplet volume of AS solution, found using Coulombic isotherm model 63648687

Fractional volume on x-axis is the volume normalized by the initial volume.
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initial matched RI matched RI matched final final

_ initial droplet _ ) : :
concentration ze (um) concentration  concentration RIRH  concentration concentration ERH (%) error (%)
size (um
(M) (M) (m) (%) (M) (m)
0.015 208 4.540 6.80 76.59 8.953 49.10 26.13 10.58
0.104 198 4.258 6.14 78.81 8.942 48.60 26.32 10.84
0.980 299 4.707 7.21 75.24 8.491 34.72 33.33 1.530
2.504 274 4.468 6.63 77.14 8.343 31.64 35.46 0.705
3.954 308 4.657 7.09 75.62 8.346 31.70 3541 0.353

Table 6. 1. Concentrations and relative humidities of aqueous binary ammonium sulfate solution. Channel height: 85 um. M is
moles/liter; RI is refractive index; m is moles/kg; final concentration is the concentration at which the droplet crystallizes; ERH is
efflorescence relative humidity; error is calculated by +2 um channel height sensitivity analysis for ERH. Initial droplet volume range:

1.5 - 5.7 nl. Note — the reported “RH” values are based on the calculated water activities.
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6.3.2 Final concentrations of aqueous ternary ammonium sulfate (AS)-dicarboxylic
acid (3MGA or 3MAA) solution.

The experiments with binary salt solutions were performed as a method of
validation. Now, the experiments are performed with ternary salt-organic acid solutions
with different OIR by dry mass, ranging from 0.1 to 10, and equations (6. 1) — (6. 3) are
used to calculate the volume and concentrations of each droplet. Since, the densities of
these ternary solutions are not available over the full concentration range, only the molarity
concentrations are reported for the studies. Liquid-liquid phase separation (LLPS) is
observed for mixture solutions, as the organic phase separates from the aqueous inorganic
phase. The type of phase separations observed are tiny inclusions, partially engulfed
structures and core-shell structures. As an example, formation of a core-shell phase
transition can be seen in Figure 6. 6. Two series of images showing the phase transitions
of a 3-methyl adipic acid - ammonium sulfate ternary aqueous solution droplet on a glass
slide and in a microfluidic well are included in Appendix C. The videos represent the same
solution droplet in which the time span of the phase change differs. The difference in the
phase transition behavior from the two videos implies that the lubrication layer of oil
between the drop and the PDMS plays a significant role in slowing the phase change

process and allows access to thermodynamically metastable states.
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Figure 6. 6. Phase transitions observed in AS — 3MAA ternary aqueous solution; phase
contrast images of the solution droplet with OIR 2:1. LLPS time span (from ii to v): ~15

minutes. Scale bar: 50 um.

3MGA + AS. For OIR 1:10, tiny inclusions (similar to Figure 6. 6. Phase transitions
observed in AS — 3MAA ternary aqueous solution; phase contrast images of the solution
droplet with OIR 2:1. LLPS time span (from ii to v): ~15 minutes. Scale bar: 50 um.(ii))
are not seen clearly, but a core aqueous inorganic phase tends to form. Since the amount of
salt is 10 times higher than that of the acid, the core does not seem to separate fully from
the organic phase as shown in Figure 6. 7a (ii), (iii). Both the phases share part of their
surfaces with the outer oil phase. For OIR 1:5, few tiny inclusions Figure 6. 7b (ii), (iii)
are seen to form that again mix with the aqueous inorganic phase Figure 6. 7a (iv) and a
core tends to form that gradually shifts to a partially engulfed structure as shown in Figure
6. 7b. In both cases, the inorganic phase effloresces first (Figure 6. 7a (iv) and Figure 6.
7b (v) and eventually the whole droplet (Figure 6. 7a (v) and Figure 6. 7b (vi)) effloresces.
For OIR 1:2, a different behavior is observed during LLPS as shown in Figure 6. 7c.
Inclusions are seen to form in the solution droplet in Figure 6. 7c (ii) at supersaturated
concentrations that gradually coalesce to form a core aqueous inorganic phase in Figure 6.
7¢ (v). However, the core tends to move toward the outer surface and takes up a different
structure seen in Figure 6. 7c (vi), (vii), and finally solidifies. Note that after the

spontaneous efflorescence in Figure 6. 7c (viii), part of the organic phase (which is still in

130



liquid state) separates out of the solid phase (Figure 6. 7c (ix)) and spreads out in the oil

before dehydrating completely (Figure 6. 7¢ (x)).

-...

Figure 6. 7. Phase transitions observed in AS — 3MGA ternary aqueous solution with less

acid than salt. Scale bar: 50 um. (a) Brightfield images of solution droplet with OIR 1:10.
LLPS time span (from ii to iii): ~25 minutes. (b) Brightfield images of solution droplet
with OIR 1:5. LLPS time span (from ii to iv): ~25 minutes. (c) Brightfield images of
solution droplet with OIR 1:2. LLPS time span (from ii to vii): ~45 minutes.

For OIR 1:1, again a different behavior is observed as same amount of acid as the
salt is added to the solution, as shown in Figure 6. 8a. Tiny inclusions are seen to form in

the solution droplet that eventually coalesce to form a core aqueous inorganic phase. The
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inorganic phase stays right at the core and does not tend to share the outer surface with the
organic phase shell, as was observed for the lower OIRs. Similarly, for OIR 2:1, a core-
shell morphology is observed as seen in Figure 6. 8b. As can be seen in Figure 6. 8, as the
amount of acid added increases with respect to the salt, the core becomes smaller. The
appearance of the shell and core in some of the images are different because they differ in
their concentrations, and hence refractive indices. The appearance of one concentric ring
is due to liquid-liquid phase separation, with a core of one liquid inside of another liquid.

Some images have what appears to be multiple concentric rings (e.g. Figure 6. 6 (v)), and

this is an artifact due to the lighting and shadow.

Figure 6. 8. Phase transitions observed in AS — 3MGA ternary aqueous solution with same
or more acid than salt that show a core-shell morphology. Scale bar: 50 um. (a) Brightfield
images of solution droplet with OIR 1:1. LLPS time span (from ii to iv): ~10 minutes. (b)
Brightfield images of solution droplet with OIR 2:1. LLPS time span (from ii to iv): ~15

minutes.
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Figure 6. 9. Phase transitions observed in AS — 3MGA ternary aqueous solution;
brightfield images of the solution droplet with OIR 3:1. LLPS time span (from ii to iv):

~10 minutes. Coating time span (from v to viii): ~6 seconds. Scale bar: 50 um.

In Figure 6. 9, as more acid is added to make OIR 3:1, inclusions form and tend to
move to the center, but they do not coalesce to form a core (Figure 6. 9 (ii) — (iv)).
However, a different behavior is seen during phase change from liquid to solid. The phase
transition is not as spontaneous like the lower ratios or like just the binary salt solution.
Crystallization starts at one point of the droplet surface and a solid coating is seen spreading
throughout the surface of the droplet gradually, until it dehydrates completely (Figure 6. 9
(v) — (viii)). In Figure 6. 10, no LLPS is observed when higher amount of the organic acid
is added to the salt, i.e. OIR 5:1 and 10:1. Yet, the solid coating phase transition from a
liquid droplet to a solid is seen in these experiments. The matched RI and final
(efflorescence) concentrations of each solution experiment are reported in Table 6. 2. In
addition, the concentrations when the phase separation starts and when the droplets form

core-shell or partially engulfed structure are also reported in Table 6. 2. The time span of
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the phase separation and coating behavior are reported in the figure captions. The initial
droplet concentrations for the ternary solutions are approximately 0.89 molar, and a

sensitivity analysis based on height yielded an error of ~1% in the final concentration

reported.

Figure 6. 10. Phase transitions observed in AS — 3MGA ternary aqueous solution with
more acid than salt that show a solid coating during crystallization. Scale bar: 50 pm. (a)
Brightfield images of solution droplet with OIR 5:1. Coating time span (from ii to vii): ~15
seconds. (b) Phase contrast images of solution droplet with OIR 10:1. Coating time span
(from i to vi): ~25 seconds.

134



coating

o ) complete partial complete
OIR OIR initial matched RI final LLPS start start )
) ) ) ) core-shell  engulfment coating
(by (by  concentration concentration concentration concentration _ concen-
concentra-  concentrati- ] concentra-
mass) moles) (M) (M) (M) (M) _ tration )
tion (M) on (M) tion (M)
(M)
0.1  0.090 0.825 4.59 8.02 441 - 6.16 - -
0.2 0.181 0.894 4.44 7.96 4.45 - 5.72 - -
05 0452 1.100 4.62 7.32 511 5.19 7.06 - -
1 0.904 0.721 4.20 8.41 4.93 4.98 - - -
2 1.808 1.063 3.82 7.85 4.33 5.46 - - -
3 2.713 0.937 4.42 7.24 5.86 - - 6.56 6.63
5 4521 0.836 5.53 7.75 - - - 7.05 7.21
10 9.042 0.760 4.05 8.71 - - - 6.97 7.09
- - 0.684 4.06 10.72 - - - - -

Table 6. 2. Concentrations of aqueous ternary ammonium sulfate and 3-methyl glutaric acid solution. Channel height: 85 um. OIR is

organic-to-inorganic ratio by dry mass; final concentration is the concentration at which the solution droplet crystallizes; error in final
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concentration is calculated by +2 um channel height sensitivity analysis, and found to be 1.03% average. Initial droplet volume range:

1.3 7.3 nl. The last row has data for binary organic acid solution.
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3MAA + AS. Because 3-methyl adipic acid is not completely soluble in water, the highest
concentration solution used for the experiments is 30 mg/mL. In Figure 6. 11, droplet
images of the phase transitions can be seen for OIR 1:10, 1:5, and 1:2. For OIR 1:10,
because the amount of acid is significantly low with respect to the amount of salt in the
solution, the acid separates from the agueous inorganic phase and tries to form a shell, but
is unable to coat the entire aqueous core (Figure 6. 12). For OIR 1:5, partial engulfment
can be seen, and on the other half where both phases share the surface, the organic phase
again tries to coat the aqueous phase (Figure 6. 11). The same behavior can be seen for
OIR 1:2 in Figure 6. 11c as well with subsequent efflorescence of the aqueous phase first.
Phase transitions for solutions with OIR 1:1, 2:1 and 5:1 are shown in Figure 6. 12, where
tiny inclusions coalesce to form a core aqueous inorganic phase. As the amount of acid
increases, the core becomes smaller. However, in Figure 6. 12a, the core gradually moves
toward the surface forming a partially engulfed-like structure. When even more acid is
added (OIR 10:1), inclusions form and move toward the core, but do not coalesce to form
a core, and eventually effloresce spontaneously (Figure 6. 13). The figures and image
sequences are described in the figure captions. The concentrations of the matched RI
droplet, the solidified droplet, concentrations when the phase separation starts and when
the droplets form core-shell or partially engulfed structure are reported in Table 6. 3. The
time spans of the phase separation are reported in the figure captions. The initial droplet
concentrations for the ternary solutions are approximately 0.48 molar, and a sensitivity
analysis yielded an error of ~1.7% in the final concentration reported in Table 6. 3. The
error in 3BMAA experiments is higher than the 3MGA experiments, because the solution

droplets are dilute enough to shrink significantly losing the pancake shape. The reason for
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using dilute solution concentrations in the 3MAA experiments, however, is the low

solubility of 3BMAA in water.

Figure 6. 11. Phase transitions observed in AS — 3MAA ternary aqueous solution with less
acid than salt. Scale bar: 50 um. (a). Brightfield images of solution droplet with OIR 1:10.
LLPS time span (from ii to iv): ~10 minutes. (b). Brightfield images of solution droplet
with OIR 1:5. LLPS time span (from ii to iii): ~5 minutes. (c). Brightfield images of
solution droplet with OIR 1:2. LLPS time span (from ii to iv): ~60 minutes. In (a), LLPS
(inclusions) is seen in (ii) — (iv), after which the droplet crystallizes, (v) and (vi). Similarly,
LLPS (partial engulfment) is observed in (b),(c) in the sequences (ii) and (iii), after which

the droplet crystallizes, (iv) — (vi).
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(b)

Figure 6. 12. Phase transitions observed in AS — 3MAA ternary aqueous solution with
same or more acid than salt. Scale bar: 50 um. (a). Brightfield images of solution droplet
with OIR 1:1. LLPS time span (from ii to vi): ~25 minutes. (b). Brightfield images of
solution droplet with OIR 2:1. LLPS time span (from ii to v): ~5 minutes. (c). Phase
contrast images of solution droplet with OIR 5:1. LLPS time span (from ii to v): ~10
minutes. LLPS (tiny inclusions) is seen in the sequence (ii), after which the inclusions
coalesce, and the phases separate to form a core-shell structure, (iii) - (v). The structure in
(a)v, transforms into an engulfed morphology in sequence (vi), before it crystallizes.

Figure 6. 13. Phase transitions observed in AS — 3MAA ternary agueous solution -
brightfield images of the solution droplet with OIR 10:1. LLPS time span (from ii to iv):
10~ minutes. Scale bar: 50 pm. LLPS (inclusions) is seen in (ii) — (iv), after which the
droplet crystallizes, (v) and (vi). However, the inclusions here do not coalesce to form a
core in a core-shell morphology.
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o ) complete partial
initial matched RI final LLPS start
OIR (by OIR (by ) _ ) _ core-shell engulfment
concentration  concentration  concentration  concentration ] _
mass) moles) concentration ~ concentration
(M) (M) (M) (M)
(M) (M)
0.1 0.083 0.819 - 7.63 3.02 - -
0.2 0.165 0.882 - 5.98 3.74 - -
0.5 0.413 0.535 - 6.14 3.60 - 5.25
1 0.825 0.345 - 5.86 2.92 3.36 4.25
2 1.650 0.301 - 5.15 3.73 4.71 -
5 4.125 0.233 4.09 5.70 4.65 5.22 -
10 8.250 0.210 3.13 4.30 3.24 - -
- - 0.187 - 4.06 - - -

Table 6. 3. Concentrations of aqueous ternary ammonium sulfate and 3-methyl adipic acid solution. Channel height: 95 um. error in

final concentration is calculated by 2 um channel height sensitivity analysis, and found to be 1.70% average. Initial droplet volume

range: 1.9 — 5.8 nl. The last row has data for binary organic acid solution, which never crystallized and was still in a liquid state for

which the volume remained constant last few hours.
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The images for all the ternary solution experiments (Figure 6. 6 — Figure 6. 13)
are brightfield, except for the one in Figure 6. 10b. Because Figure 6. 10 represents similar
coating behavior, both brightfield and phase contrast microscopy techniques are used to
verify the behavior. In addition, phase contrast microscopy is used for binary salt solution
in Figure 6. 3 to exemplify the droplet image at matched RI concentration (Figure 6. 3b
(i1)). It is done because the optics of the phase contrast microscopy technique increases
droplets’ color contrast with the surrounding medium, making it possible to visualize

certain images that are otherwise invisible.

The concentration of the solutions at which LLPS occurs is seen to be consistent
for both the acid systems, and is slightly higher than the matched RI concentration. It
implies that separation occurs typically at supersaturated concentrations. It is seen that the
concentrations at which the ternary solution droplets effloresce (reported as the final
concentration in the tables) have lower values than binary AS solution regardless of the
amount of acid added (Tables 6.1 — 6.3). The final concentrations are plotted in Figure 6.
14 with increasing OIR for both the organic acids. In Figure 6. 14, the black line is the
average final concentration for binary ammonium sulfate solution. As the organic acid is
added to the salt solution, the final concentrations decrease. With increasing OIR, the final
concentrations have a decreasing trend, which means that the water activities will have an
increasing trend with increasing amount of the organic acid added in the salt solution.
Therefore, it can be concluded that the ERH increases with increasing addition of acid to
the salt. However, in Figure 6. 14a (for 3AMGA) two outliers are seen. With OIR 10:1, the
outlier might be because there was no LLPS. Furthermore, the difference in the phase

transition behavior of the two acids might be because of the difference in their solubilities
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in water, i.e. elemental oxygen-to-carbon ratio (O/C). A brief study on the O/C dependence

is in Appendix C.
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Figure 6. 14. Change in final concentration with OIR (logarithmic scale). (a) 3-methyl
glutaric acid. (b) 3-methyl adipic acid. OIR is organic-to-inorganic ratio by dry mass.
Symbols: blue square, final concentrations with LLPS; brown circle, final concentration

with no LLPS. Lines: black solid, average final concentration of ammonium sulfate

(averaged values from Table 6. 1). The dotted blue line is the trendline.
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6.4 Conclusions and Atmospheric Implications

Microfluidic devices are developed for trapping of atmospheric aerosol chemical
mimics that contain varied ratios of different organic acids and ammonium sulfate.
Microfluidics is a cost-effective technique that has applications in lab-on-a-chip and
medical studies, and here the method has a different use in atmospheric chemistry
applications. The phase transition of the droplets with changing concentrations is observed
by imaging techniques. The results report supersaturated concentrations with respect to
their phase states, i.e. when the refractive index (R1) matches with that of the continuous
phase oil, when the liquid phases separate in mixed organic/inorganic solutions, and lastly
when the trapped droplet effloresces. The spontaneous uniform phase change observed in
the microfluidic wells for both LLPS and crystallization in most systems is in contrast to
the observed phase change upon dehydration for droplets on the glass slide directly exposed
to air (referring to the series of images in Appendix C), in which the small inclusions start
forming unevenly around the edges, near the solid-liquid-gas contact point. It suggests the

difference in crystallization starting in the bulk and at the surface.®”23!

The dicarboxylic acids studied here are known to be in abundance in the atmosphere
and the mixing state of such aerosol particles are important to study that affects their
physicochemical properties. The water content, phase state and internal heterogeneity of
aerosol particles are investigated here, as they influence various atmospheric processes like
gas-aerosol partitioning of organic compounds in the atmosphere and may have
consequences on optical properties, heterogeneous chemistry and cloud condensation
nuclei. In addition, the effect of adding increasing amount of organic species to ammonium

sulfate solution on its efflorescence point is reported here. It is worth noting that while the
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diameter of the droplets in our study is quite large, the characteristic length scale for the
pervaporation process is actually the height, which is significantly smaller than the
diameter for the bulk of the work shown here. It is because the droplets are confined
between the top and bottom walls of the microfluidic well, as in a Hele-Shaw type
geometry. However, the droplet size dependence on the crystallization of ternary solutions
may be important, as previous studies of ERH of mixtures of ammonium sulfate and
organic compounds have shown to be size-dependent for a particular mass fraction of the
organic compound in the mixture.’® In the current study, the droplets varied in size from
200 to 350 um, over a wide range of mass fractions of the organic compound in the mixture.
In future studies, the device height as well as the diameter of the well can be varied to
further explore size-effects on the phase state. Further work is also required to accurately
predict the efflorescence relative humidity of a ternary mixture that has atmospheric
implications like radiative forcing, cloud activation and atmospheric chemical reactions.
More complex atmospheric mixtures, like the secondary organic materials (SOM) can also

be studied as they affect the efflorescence point of the sulfate component.232-23

Associated Content

Additional information is provided in Appendix C - Images of evaporation of 3-methyl
adipic acid - ammonium sulfate ternary aqueous solution droplet with OIR 2:1 on a glass-
slide; Description of calculations of the densities, molalities, and relative humidities; Study

on O/C ratio.
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Chapter 7
Using Microfluidic Wells with

Collected Aerosol Samples

7.1 Motivation for Secondary Organic Aerosol and Sea Spray Aerosol Studies.
Secondary organic particles are formed when the oxidation products from the
volatile organic compounds (VOCs) undergo gas-to-particle conversion process.?®
Isoprene-epoxydiol (IEPOX) - derived secondary organic aerosol (SOA) by multiphase
chemistry has been found in the atmosphere in substantial amounts, leading to
heterogeneous chemistry and absorbance of tropospheric ultraviolet and visible solar
radiation.?®2" The Southern Oxidant and Aerosol Study (SOAS) also suggests that
particle-phase sulfate plays a major role in the formation of isoprene SOA.?*® Isoprene-
derived epoxides on hydrolysis yield the products 2-methyl glyceric acid and 2-methyl
tetrol (2MG and 2MT) that contribute to the ambient SOA.%*® Ozonolysis of isoprene in

the presence of acidified sulfate seed aerosol yields organosulfates.?®® Measurements by a
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filter inlet for gas and aerosol (FIGAERO) coupled to a mass spectrometer suggests that
SOA comprises of low-volatility isoprene derived compounds and organosulfates (OS).24°
The partitioning of organic molecules between gas and particle phases can be affected by
liquid-liquid phase separation (core-shell, core-shell with inclusions or partially
engulfed).*®® Biogenic SOA produced from isoprene has been studied to understand its
water uptake and phase state dependency on RH.?*! Phase miscibility studies suggest that
the hygroscopic properties of mixed ammonium sulfate and SOA particles, and the phase
transitions of ammonium sulfate are affected by the organic composition.?*® The study also
concludes that liquid-liquid phase separation occurs for aqueous ammonium sulfate and
terpene-derived SOA, and the partitioning for agueous ammonium sulfate and isoprene-
derived SOA occurs into a homogeneous phase. Studies with SOA produced by the
ozonolysis of a-pinene free of inorganic salts reveal that liquid-liquid phase separation
occurs at high RH that can potentially affect cloud condensation nuclei (CCN) activity of

SOA particles.?*2

In addition to SOA, sea spray aerosol (SSA) are a major fraction of atmospheric
aerosols,?*?*3 with uncertainty in its abundance.?** SSA is formed by bursting of generated
bubbles by waves on the sea surface. The aqueous phase chemistry occurring in the bulk
of deliquesced sea salt particles containing sodium chloride, magnesium chloride, sodium
bromide, organic components, etc. may be understood by studying the water uptake and
loss. Laboratory studies to investigate morphological changes have been done, that show
that the sea salt particles undergo liquid-liquid phase separation (LLPS) at low RH.?*®
Hygroscopic properties for sodium chloride-dicarboxylic acids have been measured using

a hygroscopicity tandem differential mobility analyzer (HTDMA) system to study organic
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matters in SSA, showing hygroscopic dependency on the type of organic acid.*® The sea
surface microlayer (SML) having physicochemical properties distinct from the bulk sea
water?*® has also been known to significantly contribute to sea spray aerosol aqueous phase

chemistry. Most of the organic matter present in the SSA is from the SML.2%

Due to the chemically and physically complex nature of these aerosols, the phase
behavior of SOA samples from Professor Jason D. Surratt’s laboratory at the University of
North Carolina, and SML samples from Professor Kimberly A. Prather’s laboratory at the
University of California, San Diego, are studied using microfluidic wells. The preliminary

findings are presented here.

7.2 Preliminary Findings of SOA Samples.®

Dehydration experiments with 2-methyl glyceric acid (2MG) and 2-methy! tetrol
(2MT), and their organosulfates (2MG OS and 2MT OS) added to ammonium sulfate were
performed in microfluidic traps to study the phase transitions in these organic-salt
solutions. The experiments were performed using silicone oil as the continuous phase; the
dispersed phase aqueous solutions were the SOAs extracted and dissolved in methanol by
the Surratt group. Solutions for the experiments were prepared by adding the SOAs to
different concentrations of ammonium sulfate (AS, Avantor Performance Materials, CAS
7783—20-2) solutions prepared in HPLC-grade water (Sigma-Aldrich, CAS 7732—18-8).
The experiments were performed under laboratory conditions (35-37% RH, 23°C). Since

the SOA standards are prepared in methanol, first only methanol and water (50% methanol

5> SOA samples collected by Prof. Jason Surratt’s group.
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and 50% water by volume) solution is used for the trap experiment to observe the rate of
evaporation. The volume reduced for approximately 9 hours after which the droplet volume
remained constant. The final droplet of the solution remained is pure methanol, assuming
all the water has evaporated. Secondly, AS solution prepared with 50% water and 50%
methanol by volume was used. The elemental oxygen to carbon ratio (O:C) of methanol is
1, and very few inclusions were seen when a dilute AS solution of 0.01 molar was added
to it. No LLPS was observed with a higher concentration of 1 molar AS solution. And
lastly, SOA and AS solutions were prepared by dissolving in varied percentage volumes

of water and methanol by volume for the microfluidic trap experiments.

Liquid-liquid phase separation was observed only in the dehydration experiment
with ternary solution AS-2MT OS with a partially engulfed morphology (Figure 7. 1). The
remaining solution droplets were homogeneous throughout and showed a spontaneous
transition of the liquid to a solid phase; an example of 2MG OS experiment is shown in
Figure 7. 2. The initial concentrations, OIRs and efflorescence concentrations of each
solution experiment are reported in Table 7. 1. The O:C of 2MG is 1, 2MG OS is 1.75,
2MT is 0.8 and 2MT OS is 1.4. With such high O:C ratios, LLPS is not expected.%
Methanol might be playing a role in LLPS in AS-2MT OS solution. In addition, the final
concentrations for the ternary AS-SOA solutions with organic to inorganic ratio (OIR) (by
dry mass) 1 are reported in Table 7. 2, and it is observed that for 2MT OS experiment, the

final concentration is much lower than the other systems.
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Figure 7. 1. Phase transitions observed in AS — 2MT OS ternary aqueous solution; phase
contrast images of the solution droplet with OIR 1:4. LLPS time span (from ii to v): ~2

hours. Scale bar: 50 um.

Figure 7. 2. Phase transitions observed in AS — 2MG OS ternary aqueous solution; phase

contrast images of the solution droplet with OIR 1:4. Evaporation time span (from i to v):

~10 hours. Scale bar: 50 um.
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solution Orlnlzs(sk;y ?r:oRle(E)y concl:glr:tlfalltion concfelrr:{arlation M;/E))H
(M) (M)

AS + MeOH 0 0 0.01 3.32 50
AS + MeOH 0 0 1.00 4.97 25
AS + 2MG 1 1.1011 0.40 3.11 50

AS + 2MG 0.2499 0.2752 0.14 4.18 33.33
AS + 2MT 1 0.9716 0.37 3.05 50

AS + 2MT 0.2499 0.2428 0.63 5.56 33.33
AS + 2MG OS 0.2525 0.1813 0.01 5.16 25
AS + 2MG OS 0.0244 0.0175 0.79 6.38 25
AS + 2MT OS 1 0.6117 0.03 1.80 50
AS + 2MT OS 0.25 0.1529 0.09 5.15 50

Table 7. 1. Concentrations of aqueous ternary ammonium sulfate and secondary organic

aerosol standards. OIR is organic-to-inorganic ratio by dry mass; final concentration is the

concentration at which the solution droplet crystallizes; M is moles/liter.

SOA+AS solution component final concentration (M)
OIR 0 and 0% MeOH AS 8.6
OIR 0 and 50% MeOH AS 3.32
OIR 1 and 50% MeOH 2MG:AS 3.11
OIR 1 and 50% MeOH 2MG OS:AS 3.16
OIR 1 and 50% MeOH 2MT:AS 3.05
OIR 1 and 50% MeOH 2MT OS:AS 1.8

Table 7. 2. Final concentrations of aqueous ternary ammonium sulfate and secondary

organic aerosol standards with OIR 1 (by dry mass) and 50% methanol (by volume). MeOH

is methanol.
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7.3 Preliminary Findings of SSA Samples.®

Microfluidic trap evaporation experiments were done with binary sodium chloride
(NaCl) solution, a major component of sea water, ternary NaCl and 3-methyl glutaric acid
(BMGA) solution, synthetic sea water (SSW, Ricca Chemical company, R8363000, ASTM
D 1141 Substitute Ocean Water without Heavy Metals) and SSW mixed with 3SMGA
solution. Finally, experiments with sea spray aerosol surface microlayer (SSA SML)
sample from the Prather group, with and without 3SMGA were performed in microfluidic
traps’ to study the phase transitions in these organic-inorganic solutions. The experiments
were performed using silicone oil as the continuous phase, and the solutions as the
dispersed phase. The experiments were performed under laboratory conditions (22-25%

RH, 23°C).

The efflorescence point of NaCl has previously been measured to be 44%.248249 For
the binary NaCl experiments done here, the crystallized droplet is non-spherical (Figure
7. 3-xiv); hence it is difficult to calculate the volume using image analysis techniques used
in previous chapter.® Therefore, the efflorescence relative humidity is not reported here,
although the study has the potential to determine the concentrations and relative humidities
at various phase states. The solid structure of the NaCl crystal is cubic in nature as seen in
Figure 7. 3, and the crystallization starts at the surface of the droplet as seen in Figure 7.

3-ii.

® SSA samples collected by Prof. Kim Prather’s group.

7 Microfluidic trap devices sent by Prof. Siva Vanapalli’s laboratory (Texas Tech
University).
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Figure 7. 3. Phase transitions observed in binary NaCl aqueous solution (50 mg/mL);

brightfield images of the solution droplet. Crystallization time span (from ii to xiv): ~3

hours. Scale bar: 50 pm.

For the next experiment, an organic acid, SMGA was added to study if there was
liquid-liquid phase separation. No phase separation was observed as shown in Figure 7. 4,

and a NaCl crystal was formed at the surface which gradually grew within a liquid coating,

presumably organic acid, eventually evaporating completely.

Figure 7. 4. Phase transitions observed in ternary NaCl — 3MGA aqueous solution (OIR 1;
by dry mass); brightfield images of the solution droplet. Crystallization time span (from i

to v): ~21 hours. Scale bar: 50 pm.

For the next set of experiments, the SSW was used as it is for one experiment
(Figure 7. 5a), and then 3BMGA was added for another experiment (Figure 7. 5b). The
organic acid and sea water experiment showed an interesting behavior with LLPS

occurring twice (Figure 7. 5c-ii,vi).
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Figure 7. 5. Phase transitions observed in (a) SSW. Time span (from i to vii): ~6 hours.
(b) SSW — 3MGA aqueous solution (50% by volume sea water and 50% by volume 50
mg/mL 3MGA). (c). LLPS in SSW — 3MGA aqueous solution (same experiment as in (b));
brightfield images of the solution droplet. LLPS time span (from ii to vi): ~5 hours. Scale

bar: 50 pm.

Finally, the SSA SML sample from the Prather group was used for experiments to
study phase behavior, as the surface microlayer is known to contain organic matter. For the
last experiment, 3MGA was added to the SML, and behavior similar to SSW-3MGA was

observed (Figure 7. 6).
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Figure 7. 6. Phase transitions observed in (a) SSA SML. Time span (from i to vi): ~100
minutes. (b) SSA SML — 3MGA aqueous solution (50% by volume SSA SML and 50% by
volume 50 mg/mL 3MGA); brightfield images of the solution droplet. LLPS time span

(from ii to vi): ~43 minutes. Scale bar: 50 um.

7.4 Conclusions

Secondary organic aerosol and sea spray aerosol are found in abundance in the
atmosphere, and studying the mixing state of such aerosol particles is vital for
understanding the water uptake. The chapter provides preliminary results of different phase
states of collected aerosol samples. To better understand the processes changing
composition of aerosol in the atmosphere, microfluidic tools used here can be used to

investigate systems of increasing complexity.
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Chapter 8
Brief Remarks on Thesis
Contributions and Future Research

Directions

An adsorption isotherm model has been developed and parameterized in this
dissertation to predict solute and solvent activities of both binary and ternary mixtures of
organic-inorganic aqueous aerosol solutions over the entire concentration range. The
aqueous solution property predictions are more accurate than existing thermodynamic
models, especially at low relative humidities for a wide range of organic compounds that
are both non-dissociating and partially dissociating, as well as totally dissociating inorganic
compounds with arbitrary charged ions. The model is a faster, low cost computation

method for better accuracy at supersaturated states. The predictions of thermodynamic
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properties of aqueous aerosols is essential to better understand the relevance of organic-

inorganic mixtures for atmospheric aerosols.

The key step in the model development is modification of the existing adsorption
isotherm model to relate the model parameters to structure properties by a Coulombic
model. The multilayer adsorption model is significant because it is accurate for highly
concentrated aqueous solutions, both electrolyte solutions and organic solutions. Another
important step is to significantly reduce the number of model parameters, even for ternary
solutions with mixed charge type. Additionally, the partial dissociation of weak organic

acids and the bisulfate ion in aqueous sulfuric acid is explicitly treated using the model.

The multilayer adsorption isotherm model is applied towards pH calculation of
acidic particles in the atmosphere in a collaborative work with the Ault group. In addition,
the model has been used to corroborate the findings from their pH paper-based
measurements. The pH study is important as atmospheric multiphase chemical processes,
such as formation of secondary organic aerosol and haze depend on the acidity of aerosol
particles, and therefore improved pH predictions of thermodynamic models is required.
The model is further used to interpret the hygroscopicity measurements of single particles
performed by the Reid group. The hygroscopic properties have a direct impact on air
quality and the radiative balance of the Earth’s atmosphere through changing chemical
composition by heterogeneous chemistry. Therefore, improved prediction of
hygroscopicity is desired for better understanding of aerosol effect on the atmosphere as

well as human health.
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Moreover, the importance of temperature dependence on aerosol processes is
discussed, and the temperature-dependent adsorption model may be used to predict solute
and solvent activities in cold tropospheric conditions. Further, the goal of this dissertation
to study and understand the role of organic compounds and their interactions with inorganic
species is addressed. Microfluidic measurements provide a better understanding of aerosol
phase states at atmospherically relevant relative humidity conditions, in addition to
complementing the adsorption model predictions. Additionally, the water activity
predictions at thermodynamically metastable states is a key outcome of the experiments
and the model, that describes the hysteresis between deliquescence and efflorescence
relative humidities in both binary and ternary aqueous solutions. The liquid-liquid phase

separation studies provide a perspective to comprehend the influence on cloud formation.

Finally, the model and microfluidic measurement methods are applicable to various
other research areas, such as determining thermodynamic properties of aqueous solutions
in the fields of waste water treatment and industrial discharge, liquid-liquid phase
separation in oil industry and pharmaceutical industry, and crystallization in the field of

industrial process engineering.

Regarding next steps, the multilayer adsorption isotherm model in this dissertation
is parameterized at room temperature at thermodynamic equilibrium; the temperature-
dependent model developed in Chapter 5 may be further parameterized with additional
thermodynamic data for complex mixture aqueous solutions with mixed charge. The model
may also be extended to implement density predictions in complex mixtures for
determining the efflorescence relative humidity. Besides, the model development and

result predictions obtained in this dissertation have the potential to extend the study to
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predict phases and phase separation in atmospheric aerosol particles that affect gas/particle

partitioning.

Lastly, preliminary microfluidic experiments have been done to study phase
behavior in secondary organic aerosols and sea spray aerosols, the motivation and
preliminary results of which are presented in Chapter 7. The microfluidic platform provides
a consistent tool for thermodynamic property measurements that complements the
adsorption isotherm model to study phase states and morphology at atmospheric
conditions. Further, the microfluidic platform has the potential to study the internal

heterogeneity of aerosol particles.
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Appendix A

Additional Information for Chapter 2

Al. Figures
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Figure Al. Osmotic coefficient (¢ = -In (a,,)/M,, ¥ ; vim;), plotted against the solute mole
fraction (x = X; vym;/(¥; vym; + 1/M,,)) at 298.15 K. All energy “C;;” parameters are as
adjustable fit parameters. Lines: black solid, Acetic acid; brown dash, Butyric acid; green
dot, Citric acid; purple dash-dot, Malic acid; cyan dash-dot-dot, Succinic acid. Symbols:
black square, Acetic acid data; brown circle, Butyric acid data; green triangle, Citric acid

data; purple diamond, Malic acid data; cyan pentagon, Succinic acid data, where references
for the data given in Table 2. 1.

180



g 14 A . -
= 1.2F L
o L aE)
2 10 AN .
t‘.: .0
D 08 i N, ]
'S —' LY 4 N \
= LA Y-

(;) 06 a3 — .vb = -
(@) <N
g 0.4 > ‘.\ -
© 0.2} ™ G

0.0 N

00 02 04 06 08 10
solute mole fraction (x)

Figure A2. Osmotic coefficient plotted against the solute mole at 298.15 K (see caption
from Figure Al). All energy “C;;” parameters are as adjustable fit parameters. Lines: red
dash, Glutaric acid; blue dash-dot, Malonic acid. Symbols: red square, Glutaric acid data;

blue circle, Malonic acid data, where references for the data given in Table 2. 1.
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Figure A3. Osmotic coefficient plotted against the solute mole fraction at 298.15 K (see

caption from Figure Al). The model fits the first C;; parameter, C; ,, and calculates the rest
of the C;; parameters using a power law relationship C;; = (i/n). Lines: (see caption

from Figure Al). Symbols: (see caption from Figure Al).
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Figure A4. Osmotic coefficient plotted against the solute mole at 298.15 K (see caption

from Figure Al). The model fits the first C;; parameter, C; ;, and calculates the rest of the
C;; parameters using a power law relationship C;; = (i/n)P. Lines: (see caption from

Figure A2). Symbols: (see caption from Figure A2).
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Figure A5. Water activity plotted against the solute mole fraction (x = ¥ ; v;m;/(X; v;m;

+ 1/M,,)) at 298.15 K, comparing different models for (a). Acetic acid. (b). Butyric acid.
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(c). Citric acid. Lines: red solid, UNIFAC (AIOMFAC);% %940 magenta dash-dot, Equation
2.3; gold dash-dot-dot, Equation 2.10 (3-fit); maroon short-dash, Equation 2.10 (2-fit);
cyan dash-dot-dash, Equation 2.10 (1-fit); black squares, experimental data, where

references for the experimental data given in Table 2. 1.
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Figure A6. Water activity plotted against the solute mole fraction (see caption from Figure
Ab) at 298.15 K, comparing different models for (a). Malic acid. (b). Succinic acid. Lines:
red solid, UNIFAC (Peng et al.);*“! green dash, E-AIM (RK)%*#! No dissociation; blue
dotted, E-AIM (RK)***! Dissociation; magenta dash-dot, Equation 2.3; gold dash-dot-dot,
Equation 2.10 (3-fit); maroon short-dash, Equation 2.10 (2-fit); cyan dash-dot-dash,
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Equation 2.10 (1-fit); black squares, experimental data, where references for the

experimental data given in Table 2. 1.
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Figure A7. Water activity plotted against the solute mole (see caption from Figure A5) at
298.15 K, comparing different models for (a). Glutaric acid. (b). Malonic acid. Lines: (see
caption from Figure A6); black squares, experimental data, where references for the
experimental data given in Table 2. 1.
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A2. Tables

Models n G Cin P MSE?
AllC;;’sfit 4 {0.2728, 2.9509, 0.3679} - - 0.0061
Power law 4 - 0.6058 0.6589  0.0085

Table Al. Fitted Parameters at 298.15 K for Acetic acid. Experimental data from

references given in Table 2. 1. Values for n,p, C;;, Cj; and P were fit. ®MSE is a

. 1 n
normalized mean-square error, equal to (;)Zifl((mmodez,i — Maarai)/ Mmoderi))?,

where n,, is the number of data points.

Models n Cj,i Cj,l P MSE?

All ¢;;’s fit 5 {0.0376, 0.0003, 0.5093, 6277.3} - - 0.1141
2.07E-

Power law 5 - 10t -11.512 0.1332

Table A2. Fitted Parameters at 298.15 K for Butyric acid. (See caption from Table Al).
bUnrealistic value.
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Models n Cii Ciq P MSE?

{3.1965, 0.0052, 1355.52, 0.2372,
0.0076, 469.941}

All G s fit 7 - . 0.0255

Power law 6 - 0.402 -1.4413 0.0501

Table A3. Fitted Parameters at 298.15 K for Citric acid. (See caption from Table Al).

Models n Cii C

i1 P MSE?
All ;s fit 3 {8.5918, 4.4192} - - 0.0051
Power law 3 . 09576 -7.372  0.0123

Table A4. Fitted Parameters at 298.15 K for Malic acid. (See caption from Table Al).

Models n Cj,i Cj,l P MSE?

{0.3491, 0.0014, 0.9599, 5382.21,
0.1457}

AllGs fit 6 . . 0.0044

Power law 7 - 2.1051 0.2944 0.0055

Table A5. Fitted Parameters at 298.15 K for Succinic acid. (See caption from Table Al).
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Models n Cii Ciq P MSE?

All G;;’s fit 5 {0.3896, 0.0003, 27452.3, 0.0921} - - 0.0087

Power law 4 - 3.0049 1.6034  0.0202

Table A6. Fitted Parameters at 298.15 K for Glutaric acid. (See caption from Table Al).

Models n Cii Ciq P MSE?

{1.5325, 0.0124, 70.5216, 0.3208,
All Gs fit 7 . - 0.039
18.7443, 0.2156}

Power law 8 - 0.909  -0.1992 0.0402

Table A7. Fitted Parameters at 298.15 K for Malonic acid. (See caption from Table Al).
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Appendix B

Additional Information for Chapter 3

B1. Figures
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Figure B1. Family of chlorides with divalent cations. (a) Two-parameter fitting. (b) Three-
parameter fitting. Osmotic coefficient (¢ = -In (a,)/M,, X.; vym;), plotted against the

square root of the solute mole fraction (x = ¥ ; v;m;/(¥; vym; + 1/M,,)) of chlorides at
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298.15 K. Lines (predictions): black solid, CaClz; brown solid, CoBr2; green solid, CuCly;
purple solid, MgClz; cyan solid, MnClz; blue solid, NiClz; dark yellow solid, BaClz;
magenta solid, SrCl2; dark gray solid, FeCl2. Symbols: black square, CaClz experimental
data; brown circle, CoCl. experimental data; green triangle, CuCl2 experimental data;
purple diamond, MgClz experimental data; cyan inverted triangle, MnCl2 experimental
data; blue star, NiCl2 experimental data; dark yellow pentagon, BaCl. experimental data;
magenta hexagon, SrCl2 experimental data; dark gray square, FeCl2 experimental data,
where references for the experimental data are given in Table 3. 1 for two-parameter

model, and in Table 3. 2 for three-parameter model.
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Figure B2. Family of iodides with divalent cations. (a) Two-parameter fitting. (b) Three-
parameter fitting. Osmotic coefficient plotted against the square root of the solute mole
fraction of iodides at 298.15 K (see caption from Figure B1). Lines (predictions): black
solid, Calz; brown solid, Colz; purple solid, Mglz; dark yellow solid, Bal2; magenta solid,
Srlz. Symbols: black square, Calz experimental data; brown circle, Colz experimental data;
purple diamond, Mgl2 experimental data; dark yellow pentagon, Bal2 experimental data;
magenta hexagon, Srlz experimental data, where references for the experimental data given

in Table 3. 1 for two-parameter model, and in Table 3. 2 for three-parameter model.
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Figure B3. Family of nitrates with divalent cations. (a) Two-parameter fitting. (b) Three-
parameter fitting. Osmotic coefficient plotted against the square root of the solute mole
fraction of nitrates at 298.15 K (see caption from Figure B1). Lines (predictions): black
solid, Ca(NOs)z; brown solid, Co(NO3)z; green solid, Cu(NOs3)z; purple solid, Mg(NO3)z;
cyan solid, Pb(NOs)z2; blue solid, Ni(NOs)2; dark yellow solid, Cd(NOz)2; magenta solid,
Zn(NOs3)2. Symbols: black square, Ca(NOs)2 experimental data; brown circle, Co(NOs3)2
experimental data; green triangle, Cu(NOs)2 experimental data; purple diamond, Mg(NOs3):
experimental data; cyan inverted triangle, Pb(NOz)2 experimental data; blue star, Ni(NO3)
experimental data; dark yellow pentagon, Cd(NOs)2 experimental data; magenta hexagon,
Zn(NOs3)2 experimental data, where references for the experimental data are given in Table

3. 1 for two-parameter model, and in Table 3. 2 for three-parameter model.
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Figure B4. Family of calcium with univalent anions. (a) Two-parameter fitting. (b) Three-
parameter fitting. Osmotic coefficient plotted against the square root of the solute mole
fraction of calcium at 298.15 K (see caption from Figure B1). Lines (predictions): black
solid, CaBrz; blue solid, CaClz; dark yellow solid, Calz; purple solid, Ca(NOs)2. Symbols:
black square, CaBr2 experimental data; blue circle, CaClz experimental data; dark yellow
triangle, Calz experimental data; purple inverted triangle, Ca(NOs3)2 experimental data,
where references for the experimental data given in Table 3. 1 for two-parameter model,
and in Table 3. 2 for three-parameter model.
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Figure B5. Family of sulfates with univalent cations. (a) Two-parameter fitting. (b) Three-
parameter fitting. Osmotic coefficient plotted against the square root of the solute mole
fraction of sulfates at 298.15 K (see caption from Figure B1). Lines (predictions): black
solid, H2S04"; brown solid, K2SOa; green solid, Na2SOa4; purple solid, (NH4)2SO4; cyan
solid, Li2SOs; blue solid, Rb2SO4; dark yellow solid, Cs2SO4. Symbols: black square,
H2SO4 experimental data; brown circle, K2SO4 experimental data; green triangle, Na2SO4
experimental data; purple diamond, (NH4)2SO4 experimental data; cyan inverted triangle,
Li2SO4 experimental data; blue star, Rb2SO4 experimental data; dark yellow pentagon,
Cs2S04 experimental data, where references for the experimental data given in Table 3. 1
for two-parameter model, and in Table 3. 2 for three-parameter model. "H2SOxs is treated

separately in section 3.4 by consideration of partial dissociation of the bisulfate ion.
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Figure B6. Sulfuric acid - Osmotic coefficient plotted against the square root of the solute

mole fraction of sulfuric acid at 298.15 K (see caption from Figure B1). (a) Fitting four
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parameters - 7y} gs, Tjj s: Pps, Ps (0) Fitting three parameters - 7;; g, 75,5, p (C) Fitting two
parameters - 7j; gs, 7j;,s. Lines (predictions): brown solid, g = 0.3; blue dash, g = 0.5;
magenta dash-dot, g = 0.55; dark yellow dash-dot, g = 0.8; purple dash-dot-dot, 5 = 1.0;
green short dash, g = 1.5. Symbols: black square, experimental data, where references for

the experimental data and parameter values given in Table 3. 5.
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Figure B7. Barium bromide. (a) Two-parameter fitting. (b) Three-parameter fitting.
Osmotic coefficient plotted against the square root of the solute mole fraction at 298.15 K
(see caption from Figure B1). Lines (model calculations): black solid. Symbols: blue
square, experimental data, where references for the experimental data and parameter values

given in Table 3. 1 for two-parameter model, and in Table 3. 2 for three-parameter model.
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Figure B8. Barium chloride. (a) Two-parameter fitting. (b) Three-parameter fitting.
Osmotic coefficient plotted against the square root of the solute mole fraction at 298.15 K
(see caption from Figure B1). Lines (model calculations): black solid. Symbols: blue
square, experimental data, where references for the experimental data and parameter values

given in Table 3. 1 for two-parameter model, and in Table 3. 2 for three-parameter model.
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Figure B9. Barium iodide. (a) Two-parameter fitting. (b) Three-parameter fitting. Osmotic
coefficient plotted against the square root of the solute mole fraction at 298.15 K (see
caption from Figure B1). Lines (model calculations): black solid. Symbols: blue square,
experimental data, where references for the experimental data and parameter values given

in Table 3. 1 for two-parameter model, and in Table 3. 2 for three-parameter model.
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Figure B10. Calcium bromide. (a) Two-parameter fitting. (b) Three-parameter fitting.
Osmotic coefficient plotted against the square root of the solute mole fraction at 298.15 K
(see caption from Figure B1). Lines (model calculations): black solid. Symbols: blue
square, experimental data, where references for the experimental data and parameter values

given in Table 3. 1 for two-parameter model, and in Table 3. 2 for three-parameter model.
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Figure B11. Calcium chloride. (a) Two-parameter fitting. (b) Three-parameter fitting.

Osmotic coefficient plotted against the square root of the solute mole fraction at 298.15 K
(see caption from Figure B1). Lines (model calculations): black solid. Symbols: blue

square, experimental data, where references for the experimental data and parameter values

given in Table 3. 1 for two-parameter model, and in Table 3. 2 for three-parameter model.
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Figure B12. Calcium iodide. (a) Two-parameter fitting. (b) Three-parameter fitting.
Osmotic coefficient plotted against the square root of the solute mole fraction at 298.15 K
(see caption from Figure B1). Lines (model calculations): black solid. Symbols: blue
square, experimental data, where references for the experimental data and parameter values

given in Table 3. 1 for two-parameter model, and in Table 3. 2 for three-parameter model.
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Figure B13. Calcium nitrate. (a) Two-parameter fitting. (b) Three-parameter fitting.

Osmotic coefficient plotted against the square root of the solute mole fraction at 298.15 K
(see caption from Figure B1). Lines (model calculations): black solid. Symbols: blue

square, experimental data, where references for the experimental data and parameter values

given in Table 3. 1 for two-parameter model, and in Table 3. 2 for three-parameter model.
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Figure B14. Cadmium nitrate. (a) Two-parameter fitting. (b) Three-parameter fitting.
Osmotic coefficient plotted against the square root of the solute mole fraction at 298.15 K
(see caption from Figure B1). Lines (model calculations): black solid. Symbols: blue
square, experimental data, where references for the experimental data and parameter values

given in Table 3. 1 for two-parameter model, and in Table 3. 2 for three-parameter model.
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Figure B15. Cobalt bromide. (a) Two-parameter fitting. (b) Three-parameter fitting.
Osmotic coefficient plotted against the square root of the solute mole fraction at 298.15 K
(see caption from Figure B1). Lines (model calculations): black solid. Symbols: blue
square, experimental data, where references for the experimental data and parameter values

given in Table 3. 1 for two-parameter model, and in Table 3. 2 for three-parameter model.
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Figure B16. Cobalt chloride. (a) Two-parameter fitting. (b) Three-parameter fitting.

Osmotic coefficient plotted against the square root of the solute mole fraction at 298.15 K
(see caption from Figure B1). Lines (model calculations): black solid. Symbols: blue

square, experimental data, where references for the experimental data and parameter values

given in Table 3. 1 for two-parameter model, and in Table 3. 2 for three-parameter model.

207



—~
2

4 L] L] L] L]
—~~
<
——
S sk -
O
=
3
o 2 |
0
-—
(@)
£ 1 -
)
(@)

o A A Py A A A Py A 4
0.0 0.2 0.4 0.6 0.8 1.0

root mole fraction (x)'"”

(b)
4 L) v L] L)

C

S 3} |
O

=

S

g 2f .
Q

©

1 i
[72]

O

0 A A A A A A A A A
00 02 04 06 08 10
root mole fraction (x)"

Figure B17. Cobalt iodide. (a) Two-parameter fitting. (b) Three-parameter fitting. Osmotic
coefficient plotted against the square root of the solute mole fraction at 298.15 K (see
caption from Figure B1). Lines (model calculations): black solid. Symbols: blue square,
experimental data, where references for the experimental data and parameter values given

in Table 3. 1 for two-parameter model, and in Table 3. 2 for three-parameter model.
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Figure B18. Cobalt nitrate. (a) Two-parameter fitting. (b) Three-parameter fitting. Osmotic
coefficient plotted against the square root of the solute mole fraction at 298.15 K (see
caption from Figure B1). Lines (model calculations): black solid. Symbols: blue square,
experimental data, where references for the experimental data and parameter values given

in Table 3. 1 for two-parameter model, and in Table 3. 2 for three-parameter model.
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Figure B19. Cesium sulfate. (a) Two-parameter fitting. (b) Three-parameter fitting.
Osmotic coefficient plotted against the square root of the solute mole fraction at 298.15 K
(see caption from Figure B1). Lines (model calculations): black solid. Symbols: blue

square, experimental data, where references for the experimental data and parameter values

given in Table 3. 1 for two-parameter model, and in Table 3. 2 for three-parameter model.
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Figure B20. Copper bromide. (a) Two-parameter fitting. (b) Three-parameter fitting.
Osmotic coefficient plotted against the square root of the solute mole fraction at 298.15 K
(see caption from Figure B1). Lines (model calculations): black solid. Symbols: blue
square, experimental data, where references for the experimental data and parameter values

given in Table 3. 1 for two-parameter model, and in Table 3. 2 for three-parameter model.
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Figure B21. Copper chloride. (a) Two-parameter fitting. (b) Three-parameter fitting.
Osmotic coefficient plotted against the square root of the solute mole fraction at 298.15 K
(see caption from Figure B1). Lines (model calculations): black solid. Symbols: blue
square, experimental data, where references for the experimental data and parameter values

given in Table 3. 1 for two-parameter model, and in Table 3. 2 for three-parameter model.
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Figure B22. Copper nitrate. (a) Two-parameter fitting. (b) Three-parameter fitting.
Osmotic coefficient plotted against the square root of the solute mole fraction at 298.15 K
(see caption from Figure B1). Lines (model calculations): black solid. Symbols: blue
square, experimental data, where references for the experimental data and parameter values

given in Table 3. 1 for two-parameter model, and in Table 3. 2 for three-parameter model.
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Figure B23. Sulfuric acid. (a) Two-parameter fitting. (b) Three-parameter fitting. Osmotic
coefficient plotted against the square root of the solute mole fraction at 298.15 K (see
caption from Figure B1). Lines (model calculations): black solid. Symbols: blue square,
experimental data, where references for the experimental data and parameter values given
in Table 3. 1 for two-parameter model, and in Table 3. 2 for three-parameter model. H2SO4

is treated separately in section 3.4 by consideration of partial dissociation of the bisulfate
ion.
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Figure B24. Potassium sulfate. (a) Two-parameter fitting. (b) Three-parameter fitting.
Osmotic coefficient plotted against the square root of the solute mole fraction at 298.15 K
(see caption from Figure B1). Lines (model calculations): black solid. Symbols: blue
square, experimental data, where references for the experimental data and parameter values

given in Table 3. 1 for two-parameter model, and in Table 3. 2 for three-parameter model.
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Figure B25. Lithium sulfate. (a) Two-parameter fitting. (b) Three-parameter fitting.
Osmotic coefficient plotted against the square root of the solute mole fraction at 298.15 K
(see caption from Figure B1). Lines (model calculations): black solid. Symbols: blue
square, experimental data, where references for the experimental data and parameter values

given in Table 3. 1 for two-parameter model, and in Table 3. 2 for three-parameter model.
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Figure B26. Magnesium bromide. (a) Two-parameter fitting. (b) Three-parameter fitting.

Osmotic coefficient plotted against the square root of the solute mole fraction at 298.15 K
(see caption from Figure B1). Lines (model calculations): black solid. Symbols: blue

square, experimental data, where references for the experimental data and parameter values

given in Table 3. 1 for two-parameter model, and in Table 3. 2 for three-parameter model.
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Figure B27. Magnesium chloride. (a) Two-parameter fitting. (b) Three-parameter fitting.
Osmotic coefficient plotted against the square root of the solute mole fraction at 298.15 K
(see caption from Figure B1). Lines (model calculations): black solid. Symbols: blue
square, experimental data, where references for the experimental data and parameter values

given in Table 3. 1 for two-parameter model, and in Table 3. 2 for three-parameter model.
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Figure B28. Magnesium iodide. (a) Two-parameter fitting. (b) Three-parameter fitting.
Osmotic coefficient plotted against the square root of the solute mole fraction at 298.15 K
(see caption from Figure B1). Lines (model calculations): black solid. Symbols: blue
square, experimental data, where references for the experimental data and parameter values

given in Table 3. 1 for two-parameter model, and in Table 3. 2 for three-parameter model.
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Figure B29. Magnesium nitrate. (a) Two-parameter fitting. (b) Three-parameter fitting.
Osmotic coefficient plotted against the square root of the solute mole fraction at 298.15 K
(see caption from Figure B1). Lines (model calculations): black solid. Symbols: blue
square, experimental data, where references for the experimental data and parameter values

given in Table 3. 1 for two-parameter model, and in Table 3. 2 for three-parameter model.
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Figure B30. Manganese bromide. (a) Two-parameter fitting. (b) Three-parameter fitting.
Osmotic coefficient plotted against the square root of the solute mole fraction at 298.15 K
(see caption from Figure B1). Lines (model calculations): black solid. Symbols: blue
square, experimental data, where references for the experimental data and parameter values

given in Table 3. 1 for two-parameter model, and in Table 3. 2 for three-parameter model.
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Figure B31. Manganese chloride. (a) Two-parameter fitting. (b) Three-parameter fitting.
Osmotic coefficient plotted against the square root of the solute mole fraction at 298.15 K
(see caption from Figure B1). Lines (model calculations): black solid. Symbols: blue
square, experimental data, where references for the experimental data and parameter values

given in Table 3. 1 for two-parameter model, and in Table 3. 2 for three-parameter model.
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Figure B32. Sodium sulfate. (a) Two-parameter fitting. (b) Three-parameter fitting.
Osmotic coefficient plotted against the square root of the solute mole fraction at 298.15 K
(see caption from Figure B1). Lines (model calculations): black solid. Symbols: blue
square, experimental data, where references for the experimental data and parameter values

given in Table 3. 1 for two-parameter model, and in Table 3. 2 for three-parameter model.
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Figure B33. Ammonium sulfate. (a) Two-parameter fitting. (b) Three-parameter fitting.
Osmotic coefficient plotted against the square root of the solute mole fraction at 298.15 K
(see caption from Figure B1). Lines (model calculations): black solid. Symbols: blue
square, experimental data, where references for the experimental data and parameter values

given in Table 3. 1 for two-parameter model, and in Table 3. 2 for three-parameter model.
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Figure B34. Nickel bromide. (a) Two-parameter fitting. (b) Three-parameter fitting.
Osmotic coefficient plotted against the square root of the solute mole fraction at 298.15 K
(see caption from Figure B1). Lines (model calculations): black solid. Symbols: blue
square, experimental data, where references for the experimental data and parameter values

given in Table 3. 1 for two-parameter model, and in Table 3. 2 for three-parameter model.
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Figure B35. Nickel chloride. (a) Two-parameter fitting. (b) Three-parameter fitting.
Osmotic coefficient plotted against the square root of the solute mole fraction at 298.15 K
(see caption from Figure B1). Lines (model calculations): black solid. Symbols: blue
square, experimental data, where references for the experimental data and parameter values

given in Table 3. 1 for two-parameter model, and in Table 3. 2 for three-parameter model.

226



—~
2

osmotic coefficient (¢)

O '] A A 'l
0.0 0.2 0.4 0.6 0.8 1.0

root mole fraction (x)'"”

(b)

osmotic coefficient (¢)

0 A A A A A A A A A
00 02 04 06 08 10
root mole fraction (x)"

Figure B36. Nickel nitrate. (a) Two-parameter fitting. (b) Three-parameter fitting. Osmotic
coefficient plotted against the square root of the solute mole fraction at 298.15 K (see
caption from Figure B1). Lines (model calculations): black solid. Symbols: blue square,
experimental data, where references for the experimental data and parameter values given

in Table 3. 1 for two-parameter model, and in Table 3. 2 for three-parameter model.
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Figure B37. Lead nitrate. (a) Two-parameter fitting. (b) Three-parameter fitting. Osmotic
coefficient plotted against the square root of the solute mole fraction at 298.15 K (see
caption from Figure B1). Lines (model calculations): black solid. Symbols: blue square,
experimental data, where references for the experimental data and parameter values given

in Table 3. 1 for two-parameter model, and in Table 3. 2 for three-parameter model.
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Figure B38. Rubidium sulfate. (a) Two-parameter fitting. (b) Three-parameter fitting.
Osmotic coefficient plotted against the square root of the solute mole fraction at 298.15 K
(see caption from Figure B1). Lines (model calculations): black solid. Symbols: blue

square, experimental data, where references for the experimental data and parameter values

given in Table 3. 1 for two-parameter model, and in Table 3. 2 for three-parameter model.
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Figure B39. Strontium bromide. (a) Two-parameter fitting. (b) Three-parameter fitting.
Osmotic coefficient plotted against the square root of the solute mole fraction at 298.15 K
(see caption from Figure B1). Lines (model calculations): black solid. Symbols: blue
square, experimental data, where references for the experimental data and parameter values

given in Table 3. 1 for two-parameter model, and in Table 3. 2 for three-parameter model.
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Figure B40. Strontium chloride. (a) Two-parameter fitting. (b) Three-parameter fitting.
Osmotic coefficient plotted against the square root of the solute mole fraction at 298.15 K
(see caption from Figure B1). Lines (model calculations): black solid. Symbols: blue
square, experimental data, where references for the experimental data and parameter values

given in Table 3. 1 for two-parameter model, and in Table 3. 2 for three-parameter model.
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Figure B41. Strontium iodide. (a) Two-parameter fitting. (b) Three-parameter fitting.
Osmotic coefficient plotted against the square root of the solute mole fraction at 298.15 K
(see caption from Figure B1). Lines (model calculations): black solid. Symbols: blue
square, experimental data, where references for the experimental data and parameter values

given in Table 3. 1 for two-parameter model, and in Table 3. 2 for three-parameter model.
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Figure B42. Zinc nitrate. (a) Two-parameter fitting. (b) Three-parameter fitting. Osmotic
coefficient plotted against the square root of the solute mole fraction at 298.15 K (see
caption from Figure B1). Lines (model calculations): black solid. Symbols: blue square,
experimental data, where references for the experimental data and parameter values given

in Table 3. 1 for two-parameter model, and in Table 3. 2 for three-parameter model.
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Figure B43. Phosphoric acid. (a) Two-parameter fitting. (b) Three-parameter fitting.
Osmotic coefficient plotted against the square root of the solute mole fraction at 298.15 K
(see caption from Figure B1). Lines (model calculations): black solid. Symbols: blue

square, experimental data, where references for the experimental data and parameter values

given in Table 3. 3 for two-parameter model, and in Table 3. 4 for three-parameter model.
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Figure B44. Sodium phosphate. (a) Two-parameter fitting. (b) Three-parameter fitting.
Osmotic coefficient plotted against the square root of the solute mole fraction at 298.15 K
(see caption from Figure B1). Lines (model calculations): black solid. Symbols: blue
square, experimental data, where references for the experimental data and parameter values

given in Table 3. 3 for two-parameter model, and in Table 3. 4 for three-parameter model.
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Figure B45. Aluminium chloride. (a) Two-parameter fitting. (b) Three-parameter fitting.
Osmotic coefficient plotted against the square root of the solute mole fraction at 298.15 K
(see caption from Figure B1). Lines (model calculations): black solid. Symbols: blue
square, experimental data, where references for the experimental data and parameter values

given in Table 3. 3 for two-parameter model, and in Table 3. 4 for three-parameter model.

236



—~
2

N

osmotic coefficient (¢)

O '] A A 'l
0.0 0.2 0.4 0.6 0.8 1.0

root mole fraction (x)'"”

(b)

osmotic coefficient (¢)

0 A A A A A A A A A
00 02 04 06 08 10
root mole fraction (x)"

Figure B46. Chromium chloride. (a) Two-parameter fitting. (b) Three-parameter fitting.
Osmotic coefficient plotted against the square root of the solute mole fraction at 298.15 K
(see caption from Figure B1). Lines (model calculations): black solid. Symbols: blue
square, experimental data, where references for the experimental data and parameter values

given in Table 3. 3 for two-parameter model, and in Table 3. 4 for three-parameter model.
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Appendix C

Additional Information for Chapter 6

C1. Representative images of a droplet on a glass slide exposed to air.

Figure C1. Images of evaporation of 3-methyl adipic acid - ammonium sulfate ternary

aqueous solution droplet with OIR 2:1 on a glass-slide.

The images represent liquid-liquid phase separation of a ternary solution droplet on
a glass-slide directly exposed to air over a time span of ~7 seconds in which droplet liquid-

liquid phase separation occurs.

However, the images in Figure 6. 6 represent liquid-liquid phase separation of a
ternary solution droplet in a microfluidic well over a time span of 15 minutes, in which the
organic phase separates to form a shell surrounding the aqueous inorganic phase in the
core. The droplet is in silicone oil, that plays a significant role in slowing the phase change.
It is because the water diffuses through the extremely thin layer of oil (lubrication layer)
wetting the drop-PDMS contact.
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C2. Step-by-step description of calculations of the densities, molalities, and relative
humidities.

The densities of aqueous solutions of electrolytes, here ammonium sulfate, are calculated
using the model by Laliberte and Cooper.??® The mathematical model calculates the
apparent density, pgpp,;i (kg/m?®) of the solute i in aqueous solution as a function of the
solute mass fraction by using dimensionless empirical constants, co to c4 from their
experimental data.

(Co-W; + ¢p). e(X07°(t+e)®) (C1)
Papp,i =

w; + ¢, +c3.t

where, w; is the weight fraction of the solute i, and t is the temperature in °C. The values
of the constants?? are c, = -123.22 kg/m?®; ¢, = 452.59 kg/m?3; ¢, = 3.2898 (dimensionless);
c3 =0.016292 °C?; ¢, = 1692.4 °C.

The solution mixture density, p,,, (kg/mq) is then calculated using the apparent density and
the solute mass fraction by using the equation below.
1 (C2)

W,
+ W
papp,i Pw

Pm = w;

2

where, w,, is the mass fraction of water and is equal to (1 — Y w;), and p,, is the density
of water in kg/m?®. Therefore, densities are calculated over a wide range of the solute mass
fraction, and the molality concentrations, m (moles of solute/kg of water) are then be
calculated for each value of the solute mass fraction by using the following equation.

Wi (C3)

m=_——-——
(1 _Wi)-Ms

where, M, is the molar mass of the solute in kg/mole.

The molarity concentrations, M (moles of solute/liter of solution) are then calculated for

each value of molality by using the solution density in the following equation.
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= ™Pm_ moles/m?) x 103 (m¥liter) = 1Pm (C4)
1+m.Mg 1+m.Mg

This way, the corresponding molality for each value of molarity measured from the

experiments is available.

Finally, the adsorption isotherm model®348687 js ysed to predict the water activity for each
value of molality. The equation used to calculate the molality as a function of water activity
from the isotherm model is as follows.
(i) (-2 (@ (- 60 GY) ©
1 - a2 5 (p@)P 1 I, C) +
(O = D) = (= 2)a) @I TR G

J

where, m; is the molality of solute j in a pure aqueous solution, a,, is the water activity of
the mixture normalized by long-range Debye-Hiickel term, M,, (kg molt) is the molecular
weight of the solvent, and v; is the stoichiometric coefficient (number of moles of ions) of
fully dissociated solute j. The Debye-Huckel term has a parameter, p;, that serves as a
fitting parameter, and can be related to the hard-core collision diameter of the solute. The
adsorption energy parameter, C; ;, that is related to the change in energy, Ag; ;, of the free
solvent in the bulk from the bound solvent to the respective monolayer, i, of the solute, |,

is expressed by the following equation.®*

Ag;; (Co)
Gi = eXp( k;"l>

The most recent approach to calculate the energy parameters is to determine the
dipole-dipole interaction energy that depends on the solute and solvent molecules’ size by

the following relationship.5

Wi, D? Wiy D? (C7)

Agi; = - -
4n£0(7}-w + (i — 1)rww)3 4mreg (i - Tyw)®

)t
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where, y; is the dipole moment of solute j, pw = 2.9, 4meo = 1.113 x 10" C®:N'm?, ¢, is
the permittivity of space, r;,, is the intermolecular distance between solute j and solvent w,

rww = 2.82 x 1079 m, and D is a unit of conversion (Debye), D = 3.33564 x 103° Cm.

The density, molality and molarity calculations for a few values of the solute mass fraction

have been demonstrated in Table C1.

solute mass solute apparent solution molality molarity

fraction density (kg/m®  density (kg/m?®) (mol/kg) (mol/It)
0.05 2275 1029 0.40 0.39
0.10 2214 1058 0.84 0.80
0.15 2155 1087 1.34 1.23
0.20 2097 1117 1.89 1.69
0.25 2041 1146 2.52 2.17
0.30 1986 1175 3.24 2.67
0.35 1932 1203 4.08 3.19
0.40 1880 1230 5.05 3.72
0.45 1829 1256 6.19 4.28
0.50 1779 1280 7.57 4.84
0.55 1730 1302 9.25 5.42
0.60 1683 1322 11.35 6.00
0.65 1636 1338 14.05 6.58
0.70 1591 1351 17.66 7.16
0.75 1547 1361 22.70 7.72
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0.80 1503 1366 30.27 8.27 ]

0.85 1461 1366 42.89 8.79
0.90 1419 1362 68.11 9.28
0.95 1379 1353 143.79 9.73

Table C1. Densities and concentrations corresponding to the solute mass fractions.

Consider an example of a final concentration from the binary salt solution experiment, e.g.
molarity = 8.27. The value approximately corresponds to a solute mass fraction of 0.8
(therefore, water mass fraction = 0.2), and a molality of 30.27. Now, from Figure C2 (black
dash line), the molality of 30.27 corresponds to a water activity of 0.3651 (36.51% relative
humidity).

C3. Study on O:C ratio.

Experiments with OIR 1:1 were performed for other organic acids such as glutaric
acid, malic acid and maleic acid having higher O:C ratios (elemental oxygen-to-carbon
ratio) to compare the concentrations at which they solidified. As seen in Figure C2,
assuming a fixed concentration, it may be inferred that, as the O:C ratio decreases, ERH
will increase. The figure has experimental literature data and isotherm model predictions
for ammonium sulfate, glutaric acid, malic acid and maleic acid; data for 3SMGA and
3MAA are not available in the literature. The final concentrations along with O:C ratios
are reported in Table C2 that have a decreasing trend as the O:C ratio decreases as seen in
the subplot of Figure C2. Therefore, it may imply that the ERH increases with decreasing
O:C ratios. No LLPS was observed with the systems with O:C ratios greater than or equal
to 0.8, consistent with literature,36820525 The 3MGA and 3MAA systems with visible
LLPS have O:C ratios 0.67 and 0.57 respectively. However, LLPS did not occur at
extremely low (< 0.1) or high (> 10) OIRs. In addition, LLPS was observed for OIR 10:1
in 3BMAA and not in 3MGA solution because 3MAA has a lower solubility in water than
3MGA.
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Figure C2. Water activity data versus molality concentration for aqueous binary solutions
— isotherm model predictions. Symbols: black square — ammonium sulfate experimental
literature data,*3%-13 blue circle - malic acid experimental literature data,**%%1%:25! phrown
triangle — maleic acid experimental literature data,**%°1°%51 green diamond — glutaric acid
experimental literature data.*®%®% Lines: black dash — ammonium sulfate model
prediction using the adsorption isotherm Coulombic model,®” blue solid — malic acid model
prediction,®® brown short-dash-dot — maleic acid model prediction,®® green dash-dot —
glutaric acid model prediction.® Subplot: O:C versus final molarity concentration of OIR
1 systems in aqueous ternary solutions from the experiments. Symbols: blue circle — malic
acid, brown triangle — maleic acid, green diamond — glutaric acid, magenta inverted triangle
— 3-methyl glutaric acid, black square — 3-methyl adipic acid. The dotted blue line is the

trendline. O:C — oxygen-to-carbon elemental ratio.
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matched

) OIR (by initial total final total
solution O:C RI conc error (%)
moles) conc (M) conc (M)
(M)

AS + malic acid 1.25 0.986 1.503 4.55 8.29 0.36
AS + maleic acid 1 1.138 1.618 4.83 10.08 0.34
AS + glutaric acid 0.8 1.000 2.225 4.06 7.56 0.26

AS + 3MGA 0.67 0.904 0.721 4.20 8.41 0.47
AS + 3MAA 0.57 0.825 0.345 - 5.86 1.62

Table C2. Concentrations of aqueous ternary ammonium sulfate (AS) and organic acids

solution with OIR 1 by mass. O:C is oxygen-to-carbon elemental ratio; OIR is organic-to-

inorganic ratio; M is moles/liter; error is calculated by £2 um channel height sensitivity

analysis for final concentration; 3MGA is 3-methyl glutaric acid; 3SMAA is 3-methyl adipic

acid. Initial droplet volume ~ 2 nl.
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Appendix D

MATLAB Codes

D1. One-Parameter Fitting Routine for Solute Molality and Activity of Partially-

Dissociating Aqueous Organic Acids by Coulombic Model.

clear
typeoffit = 'Acid dissociation'; % Name of fit type
robustoptn = 'on'; % Turn robust fitting 'on' or 'off'

Mw = 0.0180152; % Molecular weight of water
Solute = 'OrganicAcid data';

nOrg = 3; % nondisassociating component

nAcid = 8; % disassociating component

n = [nOrg,nAcid];

zzOrg = 0; % nondisassociating is organic, no charge
zzAcid = 1; % disassociating is treated as 1:1 electrolyte
zz = [zzOrg,zzAcid];

vOrg = 1;

vAcid = 2;

v = [vOrg,vAcid];

% Location of .m file

dataloc = 'D:\Dicarboxylic Acids\DissociationModel\Data\';
datafile = strcat (dataloc,Solute,'.m');

run (datafile)

m data = x; % Q = Osmotic coefficient
osm data = Q; % x = molality
aw_data = exp(-Q.*1.*Mw.*x);

x data = x./(x+1/Mw);

soluteratio = [1,0.5];

$% Model Fit

[ rhoAcid, rjwAcid, rjwOrg, mujAcid, mujOrg, CjkA, CjkO, mse, PO ] =

Fit Coul Dissoc One parameter (aw_data,osm data,nAcid,nOrg, robustoptn, so
luteratio,m data);
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% rho for nondisassociating is zero, rho for disassociating from fit
rho = [0, rhoAcid];

% Store C parameters as a cell array.
CJK = {CjkO,CjkAa};

%% Model Prediction

aw = [0.001:0.001:0.999,0.9999,0.99999,0.9999999999]; % Water activity
as input array

% Molality

m = zeros(size(aw)); % Reference Molality
mtot = zeros(size(aw)); % Total molality

m = Molality(rho,CJK,v,n,zz,aw,soluteratio,length(n),1);

for jj = l:length(n)
mtot = mtot + m.*soluteratio(jj).*v(jJ);
end

x1 = mtot./ (mtot+1/Mw) ;
osm = -log(aw) ./ (mtot.*Mw) ;

for k=1l:length(n),
m array(k, :)=soluteratio (k) *m;
end

% Activity and Activity coefficient

for § = 1l:1length(n)
(a(J,:), £ Inf(3,:),K(3,:),Ix(3,:),Kw(J,:),awbar(j,:),abar0(j,:)] =

Activity( aw,m array,v,zz,rho,CJK{j},n(J),J,length(n) );
if zz(j) == 1
f FS(j,:) =
(mtot+(1./Mw)).*((a(j,:))./ ((m array(j,:)).*(m array(j,:)))) .~ (1./v(3))
;% Fused salt reference state; Mole fraction basis
else
f FS(j,:) = (mtot+(l./Mw)).*(a(j,:)./m array(j,:)); % Fused
salt reference state; Mole fraction basis
end
end
osm = osm';
a=a';

f Fs = £ FS';

f Inf = £ Inf';
aw=aw';

x1=x1"';
m_array=m array';
mtot=mtot"';
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[

% msecalc =
mseCalc dicarb (osm data,m data,v,zz,n,CJK{1l},CJK{2},rho,soluteratio);

%% Plot
fig = figure;
set (fig, 'Position', [400 100 1200 800])

subplot (1,3,1);%%%%%%%%%%%%%%%%%%%%%%% Left Plot
plt = plot(xl,osm,x data,osm data,'."');

set (plt(l), 'LinewWidth', 2)

set (plt (2), 'MarkerSize',10);

axis ([0 max(x data) (min(osm data)-0.1) (max(osm data)+0.1)])
title(sprintf (strcat (Solute,sprintf (', nO=%d, nA=%d',nOrg,nAcid))))
xlabel ('molefraction')

ylabel ("osmotic coeff \phi')

subplot (1,3,2);%%%%%%%%%%%%%%%%%%%%%% Mid Plot

plt = plot(xl,osm,x data,osm data,'."');

set (plt(l), 'Linewidth', 2)

title(sprintf (strcat (Solute,sprintf (', nO=%d, nA=%d',nOrg,nAcid))))
xlabel ('molefraction')

ylabel ('osmotic coeff \phi')

subplot (1,3,3);%%%%%%%%%%%%%%%%%%%%% Right Plot
title(sprintf (strcat (typeoffit,', Robust:',robustoptn)));
txstr(l) = {sprintf('Ratio Org:Acid %g:%g',soluteratio) };
txstr(2) = {sprintf('nOrg = %d' ,n0rqg) };

txstr(3) = {sprintf('mujOrg = %g ,mujorqg) };

txstr(4) = {sprintf('rjwOrg = %g' , riwlOrg) };

txstr(5) = {sprintf('nAcid = %d' ,nAcid) };

txstr(6) = {sprintf('mujAcid = %g' ,mujAcid) };

txstr(7) = {sprintf('rjwAcid = %g' , rjwAcid) };

txstr(8) = {sprintf('rhoAcid = %g' ,rhoA01d)},

% txstr(9) = {sprintf('P0 = [%g, %g, %g]',P0(1),P0(2),P0(3))};
% txstr(10) = {sprintf ('msenorm = %g' ,msecalc)},

txstr(ll) = {sprintf('msematlab = %g',mse) };

text (0.05,0.5,txstr) ;

%$Save Figure Results

dirname = strcat('./Results/', Solute);

nid = sprintf (' nO%d nA%d',nOrg,nAcid);

if isequal (exist (strcat('./Results/',Solute), 'dir'),7)
fprintf (strcat('./Results/',Solute, '\n'))

else
mkdir (strcat ( \Results\' Solute))
fprintf (strcat('./Results/',Solute, '\n'))

end

figname = strcat(dirname,'/',Solute,nid,'.fig");
saveas (fig, figname)

figname = strcat(dirname,'/',Solute,nid,'.jpg");

set (fig, 'PaperPositionMode', 'auto"')
print (fig, '-djpeg', figname) $saveas (fig, figname)
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One-Parameter Fitting Sub-Routine

function [ rhoAcid,rjwAcid, rjwOrg,mujAcid, mujOrg,CjkA,CjkO,mse,P0 ] =
Fit Coul Dissoc_One parameter (aw_data,osm data,nAcid,nOrg, robustoptn, so
luteratio,m data )

% Parameter fitting for dissociating species
tic

PrjwA = 1;

kb = 1.38*107-23; % Boltzmann constant
T = 298.15; Temperature

pieps4 = 1.113*107-10; %=4*pi*epsO

Mw = 0.0180152; Water molar mass

D = 3.33564*10"-30;
muw = 2.9; % Water dipole moment

echarge = 1.60218*10"-19; % electron charge

rww = 2.1711 * 107-10 + 0.6489 * 10 ~-10; % water-water distance
NA = 6.023*10723; % Avogadro's number

o)

density = 1000; % Water density

o O oe

o

VA = 2;
vO = 1;
zzA 1;
zzO = 0;
function [OUT] = CalCO(rjw,n)
% Calculate energy C parameters for nondisassociating species
rjw = abs(rjw);
muj = 0.1208* (rjw*10710) *3;
C = zeros(l,n-1);
for 1 = 1:(n-1)
C(l,i) = exp( (muj*muw*D"2/ (piepsd* (rjw + (i-1)*rww)."3) -
(muw*muw*D"2) / (piepsd* (i*rww) ~3))/ (kb*T) );
end
ouT = C;
end
function [OUT] = CalCA(rjw,n)
% Calculate energy C parameters for disassociating species
rjw = abs(rjw);
muj = echarge* (rjw)/D;
C = zeros(l,n-1);
for 1 = 1:(n-1)
C(l,i) = exp( (muj*muw*D"2/ (piepsd* (rjw + (i-1)*rww)."3) -
(muw*muw*D"2) / (piepsd* (i*rww)~3))/ (kb*T) );
end
ouT = C;
end

function [OQUT] = CBETm (P, aw)
CA = CalCA(P(PrjwA),nAcid);
CO CalCO (P (PrjwA) /2,n0rgqg) ;
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rhoA =
abs (P(PrjwA) /2) .*sqgrt ( (2*echarge”2*NA*density*4*pi) ./ (Mw*piepsd*D*kb*T)
);

mref = Molality([0,rhoA], {CO,CA}, [vO,vA], [nOrg,nAcid],
[zzO,zzA], aw, soluteratio, 2,m data);

OUT = [mref.*soluteratio(l),mref.*soluteratio(2)];
end
function [OUT] = CBETosm (P, aw)
m = CBETm (P, aw) ;
OUT = -log(aw) ./ (Mw*( vO*m(:,1) + VvA*m(:,2)));
end
% Initial parameter guess PO = [rhoAcid, rjwAcid, rjwOrg]
% PO = [10,6%107-10,4*10"-107];
% Initial parameter guess PO = [rhoAcid, rjwAcid]
% PO = [10,15*10"-101;
% Initial parameter guess PO = [rjwAcid]

PO = 8*107-10;

options = statset ('MaxIter',1000, 'Robust',robustoptn, 'TolFun',le-
30, 'TolX"',1e-30, 'FunValCheck', 'off', 'Display', "iter"');
[Pfit,r,J,cov,mse] = nlinfit(aw_data,osm data,@CBETosm, PO, options) ;

rjwAcid = abs (Pfit (PrjwA));
rjwOrg = abs (Pfit (PrjwA)/2);
CjkA = CalCA(rjwAcid,nAcid);
CjkO CalCO (rjwOrg, nOrg) ;

rhoAcid =
rjwOrg.*sqrt ( (2*echarge”2*NA*density*4*pi) ./ (Mw*piepsd*78.2*kb*T)) ;

mujAcid = echarge* (rjwAcid) /D;
mujOrg = 0.1208* (rjwOrg*10710)"3;
toc

end
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Molality Sub-Routine

function [OUT] = Molality(rho,C JK,v,n,zz,aw,RO,N,m data)
function [DEN]=molality function (m)
DEN = 0;
for j=1:N,

DEN=DEN+RO (j) . /CalcMjbar (rho,C_JK{j},v,n(j),zz,aw,m,RO,N,J) ;

end
DEN = 1./ (DEN);
end
f = @(x) x - molality function(x);

dx = 0.0000001;

df = Q@(x) (f(x+dx)-f(x-dx)) ./ (2*dx);

xold = m_data;

for 1 = 1:20
xnew = xold - f(xold)./df (xold);
xold abs (xnew) ;

end

OUT = xold;

end
function [OUT]=CalcMjbar (rho,C jk,v,nj,zz,aw,m,RO,N,Jj)

Mw=0.0180152; % Molecular weight water (kg/mol)
Ax=2.917; % Debye-Huckel coeff. mol frac @ 298.15K

[

% Calculate Ionic strength
IxTop = 0; IxBottom = 0;
for ii = 1:N

IxTop = IxTop + RO(ii).*zz(ii).*v(ii);
IxBottom = IxBottom + RO (ii).*v(ii);
end
Ix = (1/2)* (m.*IxTop) ./ (m.*IxBottom+1/Mw) ;

Q

% Calculate the Kw debye-huckel contribution
KwTop = 0;
for 1ii = 1:N
KwTop = KwTop + RO(ii).*zz (ii).*v(ii)./(l+rho(ii)*Ix."0.5);
end
Kw = exp (Ax.* (Ix.”0.5).* (m.*KwTop) ./ (m.*IxBottom+1/Mw) ) ;

awbar=aw./ (Kw) ;

% Calculate molality Using EQN.27 from Dutcher et al. 2013

NumorSum=0;

for i=1:(nj-1),
NumorSum=NumorSum+ (awbar.”1i) .* (1-C_jk(i)) .*prod(C_jk(l:i-1));

end

DenomSum=0;

for i=1:(nj-2),
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DenomSum=DenomSum+i* (awbar.” (i-1)) .*prod(C_jk(1l:1));
end
Denom= (l-awbar) .”2.* (DenomSum) +. . .
(nj-1-(nj-2) .*awbar) . *awbar.” (nj-2) .*prod(C_jk(l:nj-1));

OUT=( (1l-awbar) ./ (Mw.*v (J) . *awbar) ) .* (1-NumorSum) . /Denom;

end

Activity Sub-Routine

function [a,f Inf,K,Ix,Kw,awbar,abar0] = Activity(
aw,m,v,zz,rho,Cj,nj,j,N )
global a

Mw = 0.0180152; % Molecular weight of water (kg/mol)
Ax = 2.917; % Debye-Huckel coeff. mol frac. @298.15K

[

% Calculate Ionic strength

IxTop=0;

for k=1:N,
IxTop=IxTop+m(k, :) *zz (k) .*v (k) ;

end

IxBottom=0;

for k=1:N,
IxBottom=IxBottom+m(k, :) .*v (k) ;

end

Ix = (1/2)* (IxTop) ./ (IxBottom+1/Mw) ;

% Ixref = (1/2)* zz(k);

% IXFS = (1/2)* zz(k);

Ixref = (1/2)* (IxTop) ./ (IxBottom);

IXFS = (1/2)* (IxTop) ./ (IxBottom);

[

% Calculate awbar
KwTop=0;
for k=1:N,

KwTop=KwTop+ (m(k, :) *zz (k) .*v(k)) ./ (1l+rho (k) *Ix."0.5);
end
Kw = exp((Ax.* (Ix."0.5).* (KwTop)) ./ (IxBottom+1l/Mw)) ;
awbar = aw./Kw;

$Calculate a0

DenSum=0;

for k=1:(nj-1),
DenSum=DenSum+ (awbar.” k) .* (1-Cj (k) ) . *prod(Cj (1:k-1));

end

abar0 = ((l-awbar)./(1-DenSum))."v(]);

%%Debye Huckel Contribution j
if zz(3) == 0,

K=exp ( (-Ax.* (IxFS-Ix) .*KwTop) ./ ((IxBottom+1./Mw) .*Ix."0.5));
else

SumKjTerm=0;
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for k=1:N,

SumKjTerm=SumKjTerm+ (m(k, :) .*zz (k) .*v(k))./(2.*Ix.”0.5.* (1+rho (k) .*Ix."
0.5));

end

K = exp (-
zz () .*Ax.*(2./rho(]) .*log ((l+rho(j) .*Ix.”0.5)./ (1+rho(j) .*Ixref.”0.5))
+((1-Ix./IxFS)./ (IxBottom+l./Mw)) .*SumKjTerm)) . v (]);

end

% Reference state --> Fused Salt or Pure liquid solute
a = abar0.*K.*(m(J,:)./(m(1,:)+m(2,:)));

% Reference state --> Infinite dilution

Ixref = 0;

for k=1:(nj-1),
Cprod=prod(Cj (1l:k));

end

if zz(3) == 0,
K Inf=exp ((-Ax.* (IxFS-Ix).*KwTop) ./ ((IxBottom+l./Mw).*Ix."0.5));
f Inf = ((IxBottom+(l./Mw))./IxBottom).*abar0.*Cprod.*K Inf; %

Infinite dilution reference state; Mole fraction basis Activity
Coefficient for Non-dissociating species

else

K Inf = (exp(-
zz () .*Ax.*(2./rho(]) .*log ((1l+rho(j) .*Ix.”0.5)./ (1+rho(j) .*Ixref.”0.5))
+((1-Ix./IxFS)./ (IxBottom+l./Mw)) .*SumKjTerm))) . v (]);

f Inf =
((Ingttom+(1./Mw))./IxBottom).*(abarO.A(l./v(j))).*Cprod.*K_Inf; %

Infinite dilution reference state; Mole fraction basis Activity
Coefficient for Dissociating species
end

end
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D2. Fitting Routine for Solute Molality and Activity of Aqueous Electrolytes by

Coulombic Model.

clear %%% 1-2 asymmetric electrolytes:

Mw = 0.01802; % Mol wt of H20

prompt
Solute = input (prompt,'s');

if isequal (Solute, 'CaBr2')
n = 6; zpos = 2; zneg = 1;
elseif isequal (Solute, 'CaCl2')
n = 4; zpos = 2; zneg = 1;
elseif isequal (Solute, 'Cal2')
n = 8; zpos = 2; zneg = 1;

elseif isequal (Solute, 'CaN0O32")

n = 3; zpos = 2; zneg = 1;
elseif isequal (Solute, "CoBr2"'")
n = 6; zpos = 2; zneg = 1;
10;
elseif isequal (Solute, 'CoCl2")
n = 6; zpos = 2; zneg = 1;
10;
elseif isequal (Solute, "CoI2")
n = 9; zpos = 2; zneg = 1;
10;

elseif isequal (Solute, 'CoNO32")

n = 5; zpos = 2; zneg = 1;
10;
elseif isequal (Solute, 'CuBr2')
n = 6; zpos = 2; zneg = 1;
10;
elseif isequal (Solute, 'CuCl2")
n = 4; zpos = 2; zneg = 1;
10;

elseif isequal (Solute, 'CuNO32")

n = 4; zpos = 2; zneg = 1;
10;
elseif isequal (Solute, 'FeCl2")
n = 8; zpos = 2; zneg = 1;
10;
elseif isequal (Solute, 'MgBr2')
n = 9; zpos = 2; zneg = 1;
10;
elseif isequal (Solute, 'MgCl2")
n = 5; zpos = 2; zneg = 1;
10;
elseif isequal (Solute, "MgI2"')
n = 9; zpos = 2; zneg = 1;
10;

elseif isequal (Solute, 'MgNO32")
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n = 5; zpos = 2; zneg = 1;
10;
elseif isequal (Solute, 'MnBr2"'")
n = 6; zpos = 2; zneg = 1;
10;
elseif isequal (Solute, 'MnCl2")
n = 4; zpos = 2; zneg = 1;
10;
elseif isequal (Solute, 'NiBr2')
n = 7; zpos = 2; zneg = 1;
10;
elseif isequal (Solute, 'NiCl12")
n = 5; zpos = 2; zneg = 1;
10;

elseif isequal (Solute, "NiNO32")

n = 5; zpos = 2; zneg = 1;
10;
elseif isequal (Solute, 'H2504")
n = 2; zpos = 1; zneg = 2;
10;
elseif isequal (Solute, 'K2S04")
n = 2; zpos = 1; zneg = 2;
10;

elseif isequal (Solute, 'Na2S04")

n = 3; zpos = 1; zneg = 2;
10;

\4

\4

elseif isequal (Solute, 'NH42504")

n = 2; zpos = 1; zneg = 2;
10;

elseif isequal (Solute, "Li2S04")

n = 3; zpos = 1; zneg = 2;
10;

elseif isequal (Solute, 'Rb2S04")

n = 2; zpos = 1; zneg = 2;
10;

elseif isequal (Solute, '"Cs2S04")

n = 4; zpos = 1; zneg = 2;
10;
elseif isequal (Solute, 'BaBr2')
n = 5; zpos = 2; zneg = 1;
10;
elseif isequal (Solute, 'BaCl2')
n = 7; zpos = 2; zneg = 1;
10;
elseif isequal (Solute, '"Bal2')
n = 9; zpos = 2; zneg = 1;
10;

elseif isequal (Solute, 'PbNO32")

n = 2; zpos = 2; zneg = 1;
10;
elseif isequal (Solute, 'SrBr2')
n = 9; zpos = 2; zneg = 1;
10;
elseif isequal (Solute, 'SrCl2")
n = 5; zpos = 2; zneg = 1;
10;
elseif isequal (Solute, 'SrI2'")

\4

\4

v

v

3;
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n = 10; zpos = 2; zneg = 1; v = 3; r pos = 1.18e-10; r neg = 2.10e-

10;
elseif isequal (Solute, 'CdANO32")

n = 6; zpos = 2; zneg = 1; v = 3; r pos = 0.95e-10; r neg = 1.7%e-
10;
elseif isequal (Solute, "ZnNO32")

n = 4; zpos = 2; zneg = 1; v = 3; r pos = 0.74e-10; r neg = 1.7%e-
10;

elseif isequal (Solute, 'Na2C03")
n =2; zpos = 1; zneg = 2; v = 3; r pos = 1.02e-10; r neg = 1.78e-

0;
elseif isequal (Solute, 'PbCl2"')

n =5; zpos = 2; zneg = 1; v = 3; r pos = 1.19%-10; r neg =
.72e-10;
elseif isequal (Solute, 'ZnF2")

n =>5; zpos = 2; zneg = 1; v = 3; r pos = 0.74e-10; r neg =
.26e-10;
elseif isequal (Solute, 'ZnI2'")

n = 2; zpos = 2; zneg = 1; v = 3; r pos = 0.74e-10; r neg
.10e-10;
elseif isequal (Solute, 'ZnCl2")

=

oo

o o0 - o o° F o°

N

o©

% n = 3; zpos = 2; zneg = 1; v = 3; r pos = 0.74e-10; r neg =
1.72e-10;
% elseif isequal (Solute, 'ZnBr2"')
% n = 3; zpos = 2; zneg = 1; v = 3; r pos = 0.74e-10; r neg =
1.88e-10;
% % elseif isequal (Solute, "K2HPO4"')

3% n = 4; zpos = 2; zneg = 1; v = 3; r pos = le-10; r neg =
1.72e-10;

% % elseif isequal (Solute, "MnC1l042")

% % n =4; zpos = 2; zneg = 1; v = 3; r pos = le-10; r neg =
1.72e-10;

% % elseif isequal (Solute, "Na25203")

S % n = 4; zpos = 2; zneg = 1; v = 3; r pos = le-10; r neg =
1.72e-10;

% % elseif isequal (Solute, "'NiCl042'")

3 % n = 4; zpos = 2; zneg = 1; v = 3; r pos = le-10; r neg =
1.72e-10;

% % elseif isequal (Solute, "CoCl042")

T % n = 4; zpos = 2; zneg = 1; v = 3; r pos = 1le-10; r neg =
1.72e-10;

% % elseif isequal (Solute, "CuCl042")

3 % n = 4; zpos = 2; zneg = 1; v = 3; r pos = le-10; r neg =
1.72e-10;
end
dataloc = 'D:\Work\DataLit\Data Single Salts\';

datafile = strcat(dataloc,Solute,'.m');
run (datafile)

m data = x; % x = molality
o _data = Q; % Q = Osmotic coefficient

aw _data = exp(-o data.*v.*Mw.*m data);
x data = v.*m data./(v.*m data+l/Mw); % Mole fraction
root x data = sqgrt(x data);
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[rho,mse,r jj,r jw,mu j,C,PO0]=FitElec(aw_data,o_data, zpos,zneg,v,n,m da
ta,r pos,r negq);

[aw_modelinput,m model,o model,x model] =
modelElec(n,C, rho,v, zpos, zneqg) ;

root x model = sqrt(x_model);

[normMSE, m model new,o model new,x model new] =
mseElec (o_data,m data,aw _data,n,C,rho,v, zpos, zneq) ;

o)

% Activity and Activity coefficient

zz = zpos*zneg;
[a,f Inf,gamma_ Inf,K, Ix,Kw,awbar,abar0] = Activity(

aw_modelinput,m model,v,zz,rho,C,n,length(n)); % Fused salt reference
state; Mole fraction basis Activity array

% if zz(3) ==

f FS =
(m_model.*v+(l./Mw)).*((a)./(((zneg.*m_model).Azneg).*((zpos.*m_model).
~zpos))) .~ (1./v); % Fused salt reference state; Mole fraction basis
Activity Coefficient for electrolyte
S else
% f FS(j,:) = (mtot+(1l./Mw)).*(a(j,:)./m array(j,:)); % Fused
salt reference state; Mole fraction basis Activity Coefficient for
organic
% end

aw_modelinput=aw modelinput';
x model=x model';
0 _model=0 model';

root x model=root x model';
f Inf=f Inf';
gamma Inf=gamma Inf';

dataloc = 'D:\Work\DataLit\Act coeffs\';
datafile = strcat (dataloc,Solute,'.m');
run (datafile)

gamma_data = y; % Q = Osmotic coefficient

fig = figure;
set (fig, 'Position', [400 50 1200 400]);

subplot(2,2,1);

plt = plot(root x model,o model,root x data,o data,'.");

hold

% plot (root x data2,o data,'.');

set (plt(l), 'Linewidth', 2);

set (plt(2), "MarkerSize',10);

%axis ([0 max(m data) (min(o_data)-0.1) (max(o _data))+0.1])
title(sprintf (strcat (Solute,sprintf (', fitting rho and rjj'))))
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xlabel ('root mole fraction')
ylabel ('osmotic coeff')

grid on

subplot (2,2,2);

plt = plot(root x model,o model,root x data,o data,'.");

set (plt(l), 'Linewidth', 2);

set (plt(2), "MarkerSize',10);

axis ([0 max(root x data) (min(o_data)-0.1) (max(o_data))+0.11])
title(sprintf (strcat(Solute,sprintf (', n=%d,rho = %g,r jJ = %g,r jw =
%g,mu_j = %g, Normalized-MSE=%g,C =
%g,\n',n,rho,r jj,r jw,mu_j,normMSE,C))))

xlabel ('root mole fraction')

ylabel ('osmotic coeff')

grid on

subplot(2,2,3);

plt = plot(root x model,gamma_ Inf,root x data,gamma data,'.");

hold

set (plt(l), 'Linewidth', 2);

set (plt (2), 'MarkerSize',10);

axis ([0 max(root x data) (min(gamma data)-0.1) (max(gamma data))+0.1])
title(sprintf (strcat (Solute,sprintf (', molality based infinite dilution
ref state'))))

xlabel ('root mole fraction')

ylabel ('activity coeff - gamma')

subplot (2,2,4);

plt = plot(root x model,gamma Inf,root x data,gamma data,'.');

hold

set (plt(l), 'Linewidth', 2);

set (plt (2), 'MarkerSize',10);

axis ([0 0.4 (min(gamma data)-0.1) 2])
title(sprintf (strcat (Solute,sprintf (', molality based infinite dilution
ref state'))))

xlabel ('root mole fraction')

ylabel ('activity coeff - gamma')
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dirname = strcat('./Fitting-Results/', Solute);

nid = sprintf (' n%d',n);

if 1sequal(ex1st(strcat ./Fitting-Results/',Solute),
fprintf (strcat ( /Flttlng Results/',Solute, "\n'"))

else

'dir'),7)
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mkdir (strcat ('.\Fitting-Results\', Solute))
fprintf (strcat('./Fitting-Results/',Solute, "\n'))

end

figname = strcat(dirname,'/',Solute,nid,'.fig");
saveas (fig, figname)

figname = strcat(dirname,'/',Solute,nid,'.Jjpg');

set (fig, 'PaperPositionMode’', 'auto')
print (fig, '-djpeg', figname)

matfile = strcat (dirname,'/',Solute,nid,'.mat");
save (matfile, 'm model new','o model new');

Two-Parameter Fitting Sub-Routine

function [rho,mse,r jj,r jw,mu _3j,C,PO] =

FitElec (aw_data, o _data, zpos,zneg,v,n,m data,r pos,r neq)
% function [rho,C,P0,P] =
FitElec(aw_data,o _data,m data, zpos,zneg,v,n, type)

o\

The fit parameters are rho and r_ jj.

k = 1.38e-23;

T = 298.15;

Mw = 0.01802; % Mol wt of H20 (kg/mol)
q=2;

e = 1.60218e-19;

mu w = 2.9;

r ww = 2.82e-10;
D = 3.33564e-30;

function [OUT] = f (P, aw)
OUT = OsmFuncElec (P, aw, zpos, zneqg,v,n,m _data,r pos,r neg);
end
prompt = 'Enter initial guess of [rho, r jj] 'y

PO = input (prompt) ;

options = statset('MaxIter',400, 'Robust','on');
options.RobustWgtFun = 'huber';
[Pfit,r,J,cov,mse] = nlinfit(aw_data,o data,@f,P0,options);

rho = Pfit (1) ;

r 3j Pfit (2) ;

mu_j (0.866*g*e* ((r pos+r neqg) + r 33))/D;
r jw = 0.866*(r_jj + (r _pos+r neg)) + r ww/2;
for layer=1l:(n-1)

deltaE (layer) = ((mu_Jj*mu w*D"2)/((1.113e-10)* (r jw+ (layer-
1) *r ww)”*3))-((mu_w"2*D"2)/((1.113e-10) * (layer*r ww) *3));
C(layer) = exp(deltaE (layer)/(k*T)); % Energy parameter
end
end
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Objective Function Sub-Routine

func

1).*

2).*

end

tion [OUT] = OsmFuncElec (P, aw, zpos,zneg,v,n,m data,r pos,r neg)

k = 1.38e-23;

T = 298.15;

Mw = 0.01802; % Mol wt of H20 (kg/mol)
q=2;

e = 1.60218e-19;

mu w = 2.9;

r ww = 2.82e-10;
D = 3.33564e-30;

Ax = 2.917; % Debye-Huckel coeff
Ix = 0.5.*m _data.*zpos.*zneg.*v./ (v.*m data+l/Mw);

rho = P(1);

r_jj = P(2);

mu j = (0.866.*q.*e.* ((r pos+r neg) + r jj))./D;

r jw = 0.866.*(r_jj + (r pos+r neg)) + r ww./2;

deltaE = @(layer) ((mu_j.*mu w.*D.”2)./((1.113e-10).*(r_ jw+(layer-—
r ww).”3))-((mu_w.”2.*%D."2)./((1.113e-10) .* (layer.*r ww)."3));

C = @(layer) exp(deltaE(layer)./(k.*T)); % Energy parameter

Kw = exp((2.*Ax.*Ix."1.5)./(1l+rho.*Ix.~(0.5)));
awbar = aw./Kw;

NumorSum=0;

for k=1:(n-1),
NumorSum=NumorSum+ (awbar.”"k) .* (1-C(k)) .*prod(C(1l:k-1));

end

DenomSum=0;

for k=1:(n-2),
DenomSum=DenomSum+k. * (awbar.” (k-1)) .*prod(C(1l:k)) ;

end

Denom= (l-awbar) .”2.* (DenomSum) + (n-1-(n-2) . *awbar) . *awbar.” (n-

prod(C(l:n-1));
molality = ((l-awbar)./ (Mw.*v.*awbar)) .* (1-NumorSum) ./Denom;
OUT = -(log(aw))./(Mw.*v.*molality);

Molality Calculation Sub-Routine

func
mode

tion [aw_modelinput,m model,o model,x model] =
lElec (n,C,rho, v, zpos, zneq)
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Mw=0.0180152; % Molecular weight water (kg/mol)

aw_modelinput =
[0.00001,0.0001:0.001:0.9999,0.99999,0.999999,0.9999999,0.99999999];

t = length(aw_modelinput) ;
m = zeros(size(aw modelinput)) ;

m model (i) = NR(rho,v,n, zpos,zneg,C,aw modelinput(i));
o _model (1) = —(log(aw_modelinput(i)))/(Mw.*v.*m_model(i));
x model(i) = v.*m model(i)./(v.*m model(i)+1/Mw); % Mole fraction
end
end
function [mout] = NR(rho,v,n,zpos,zneg,C,aw modelinput)
dm = 0.00001; % step size for derivative of function £
ml = 1; $ Give an initial starting molality guess.

% Newton raphson method
f = @(m) molalCalc(rho,v,n,zpos,zneqg,C,m,aw _modelinput) - m;
df = @(m) (£ (m+dm)-£ (m)) /dm;
for ii = 1:10
m2 = abs(ml - f£(ml)/df(ml));
ml = m2;
end

mout = ml;
end
function [OUT] = molalCalc(rho,v,n,zpos,zneg,C,m,aw modelinput)

Mw=0.0180152; % Molecular weight water (kg/mol)
Ax=2.917; % Debye-Huckel coeff. mol frac @ 298.15K

% Calculate molality Using EQN.27

IxTop = zpos.*zneg.*v;
IxBottom = v;
Ix = (1/2).* (m.*IxTop)./(m.*IxBottom+1/Mw) ;

KwTop = zpos.*zneg.*v./(l+rho.*Ix.”0.5);
Kw = exp (Ax.* (Ix.”0.5).* (m.*KwTop) ./ (m.*IxBottom+1/Mw)) ;

awbar=aw modelinput./ (Kw) ;

NumorSum=0;
for k=1:(n-1),
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NumorSum=NumorSum+ (awbar.”*k) .* (1-C(k)) .*prod(C(l:k-1));
end
DenomSum=0;
for k=1:(n-2),
DenomSum=DenomSum+k. * (awbar.” (k-1)) .*prod(C(1l:k)) ;
end
Denom= (l-awbar) .”2.* (DenomSum) + (n-1-(n-2) . *Yawbar) . *Yawbar.” (n-
2) .*prod(C(l:n-1));

OUT = ((l-awbar)./ (Mw.*v.*awbar)) .* (1-NumorSum) ./Denom;

end

Mean Square Error Calculation Sub-Routine

function [normMSE,m model new,o model new,x model new] =
mseElec (o_data,m data,aw_data,n,C,rho, v, zpos, zneq)

Mw=0.0180152; % Molecular weight water (kg/mol)

t = length(aw_data);
m zeros (size (aw_data));

for 1 = 1:t

m model new (i) = NR(rho,v,n,zpos,zneg,C,aw _data(i));
o model new(i) = -(log(aw data(i)))/ (Mw.*v.*m model new(i));
x model new(i) = v.*m model new(i)./(v.*m model new(i)+1/Mw);

Mole fraction

end

m model new m _model new';
o_model new = o model new';

% assignin('base', 'molality', m model new);
% assignin('base', 'osm', o model new);

Q

% Normalized mean square error

normMSE = sum(((m model new - m data)./m model new)."2)/t;

% normMSE = sum(((o model new - o data)./o model new)."2)/t;
end

function [mout] = NR(rho,v,n,zpos,zneg,C,aw _data)

dm = 0.00001; % step size for derivative of function f

ml = 1; $ Give an initial starting molality guess.

% Newton raphson method
f = @(m) molalCalc(rho,v,n,zpos,zneqg,C,m,aw_data) - m;
df = Q@(m) (f (m+dm) -£ (m) ) /dm;
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for ii = 1:10
m2 = abs(ml - f(ml)/df(ml));
ml = m2;

end

mout = ml;

end

function [OUT] = molalCalc(rho,v,n, zpos,zneg,C,m,aw_data)

Mw=0.0180152; % Molecular weight water (kg/mol)
Ax=2.917; % Debye-Huckel coeff. mol frac @ 298.15K

% Calculate molality Using EQN.27

IxTop = zpos.*zneg.*v;
IxBottom = v;
Ix = (1/2).* (m.*IxTop)./(m.*IxBottom+1/Mw) ;

KwTop = zpos.*zneg.*v./(l+rho.*Ix.”0.5);
Kw = exp (Ax.* (Ix.”0.5).* (m.*KwTop) ./ (m.*IxBottom+1/Mw) ) ;

awbar=aw _data./ (Kw) ;

NumorSum=0;

for k=1:(n-1),
NumorSum=NumorSum+ (awbar. k) .* (1-C(k)) .*prod(C(1l:k-1));

end

DenomSum=0;

for k=1:(n-2),
DenomSum=DenomSum+k.* (awbar.” (k-1)) .*prod(C(1l:k)) ;

end

Denom= (l-awbar) .”2.* (DenomSum) + (n-1-(n-2) . *Yawbar) . *Yawbar.” (n-

2) .*prod(C(l:n-1));

OUT = ((l-awbar) ./ (Mw.*v.*awbar)) .* (1-NumorSum) ./Denom;

end

Activity Calculation Sub-Routine

function [a,f Inf,gamma_ Inf, K, Ix,Kw,awbar,abar0] = Activity/(
aw,m,v,zz,rho,Cj,nj,N )
global a

Mw = 0.0180152; % Molecular weight of water (kg/mol)
Ax 2.917; % Debye-Huckel coeff. mol frac. @298.15K

[

% Calculate Ionic strength

IxTop=0;

for k=1:N,
IxTop=IxTop+m(k, :) *zz (k) .*v (k) ;

end

IxBottom=0;
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for k=1:N,
IxBottom=IxBottom+m (k, :) .*v (k) ;

end

Ix = (1/2)* (IxTop)./(IxBottom+1l/Mw) ;
% Ixref = (1/2)* zz(k);

% IxFS = (1/2)* zz(k);

Ixref = (1/2)* (IxTop) ./ (IxBottom);
IXFS = (1/2)* (IxTop) ./ (IxBottom);

o)

% Calculate awbar
KwTop=0;
for k=1:N,

KwTop=KwTop+ (m(k, :) *zz (k) .*v(k)) ./ (1l+rho (k) *Ix."0.5);
end
Kw = exp ((Ax.* (Ix.”0.5) .* (KwTop)) ./ (IxBottom+1/Mw)) ;
awbar = aw./Kw;

%$Calculate a0

DenSum=0;

for k=1:(nj-1),
DenSum=DenSum+ (awbar.” k) .* (1-Cj (k)) . *prod(Cj(1l:k-1));

end

abar0 = ((l-awbar) ./ (l1-DenSum)) ."v;
%%Debye Huckel Contribution J
% if zz(3) == 0,
% K=exp ( (-Ax.* (IXFS-Ix) .*KwTop) ./ ((IxBottom+1l./Mw) .*Ix."0.5));
% else
SumKjTerm=0;
for k=1:N,

SumKjTerm=SumKjTerm+ (m(k, :) .*zz (k) .*v(k))./(2.*Ix."~0.5.* (1+rho (k) .*Ix.
0.5));

end

K = exp (-
zz . *Ax.* (2./rho.*log ((l+rho.*Ix.”0.5) ./ (l+rho.*Ixref.”0.5))+ ((1-
Ix./IxXFS) ./ (IxBottom+1l./Mw)) .*SumKjTerm)) ."v;

% end

% Reference state --> Fused Salt or Pure liquid solute
a = abar0.*K;

% Reference state --> Infinite dilution

Ixref = 0;

for k=1:(nj-1),
Cprod=prod (Cj(1l:k));

end

% if zz(3) == 0,

% K Inf=exp ((-Ax.* (IXFS-Ix).*KwTop) ./ ((IxBottom+l./Mw).*Ix."0.5));
% f Inf = ((IxBottom+(l./Mw))./IxBottom).*abar0.*Cprod.*K Inf; %

Infinite dilution reference state; Mole fraction basis Activity
Coefficient for organic
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% else

K Inf = (exp(-
zz.*Ax.* (2./rho.*log((l+rho.*Ix."0.5) ./ (1l+rho.*Ixref.”0.5))+((1-
Ix./IxXFS) ./ (IxBottom+1l./Mw)) .*SumKjTerm))) . v;

f Inf =

((IxBottom+ (1l./Mw)) ./IxBottom).* (abar0.”(1./v)).*Cprod.*K Inf; %
Infinite dilution reference state; Mole fraction basis Activity
Coefficient for electrolyte

% end

% Molality basis Inf dilution reference state Activity coefficient
30)
gamma Inf = (Cprod./ (Mw.*IxBottom)).* ((abar0.*K Inf)."(1./v));

end
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D3. One-Parameter Fitting Routine for Solute Molality and Activity of Aqueous

Neutral Organics by Coulombic Model.

clear

Mw = 0.0180152; %

Ax = 2.917; %

prompt =

Solute = input (prompt,
v =1

Mol wt of water kg/mol
Debye-Huckel coeff

'Enter solute of aqueous solution';

ISI)’.

if isequal (Solute, 'glycerol')

n 3;

elseif isequal (Solute,
n=7;

elseif isequal (Solute,
n = 6;

elseif isequal (Solute,
n = 3;

elseif isequal (Solute,
n = 9;

elseif isequal (Solute,
n = 4;

elseif isequal (Solute,
n 10;

elseif isequal (Solute,
n=7;

elseif isequal (Solute,
n = 3;

elseif isequal (Solute,
n = 3;

elseif isequal (Solute,
n = 3;

elseif isequal (Solute,
n 10;

elseif isequal (Solute,
n = 8;

elseif isequal (Solute,
n 10;

elseif isequal (Solute,
n 12;

elseif isequal (Solute,
n = 3;

elseif isequal (Solute,
n = 3;

elseif isequal (Solute,
n 12;

elseif isequal (Solute,
n = 3;

elseif isequal (Solute,
n = 4;

end

'sucrose’')
'AceticAcid data')
'ButyricAcid data')
'CitricAcid’)
'MalicAcid data')
'SuccinicAcid data')
'GlutaricAcid data')
'MalonicAcid data')
'ethanol')
'Methanol"')
'Pentanediol 1 2")
'Pentanediol 1 4"')
'Pentanediol 1 5'")
'Pentanediol 2 4"')
'Propanediol 1 2')
'Propanediol 1 3")
'sorbitol fulldata')
'Urea’')

'TartaricAcid data')
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o)

% Location of .m datafile

dataloc = 'D:\Work\DataLit\Data Organics\';
datafile = strcat (dataloc,Solute,'.m');

run (datafile)

o°

m data = x;
o _data Q;

= molality
Osmotic coefficient

x
Q

o

aw_data = exp(-o_data.*v.*Mw.*m data);
x data = m data./(m data+l/Mw); % Mole fraction

[mse,C,P0,r jw,mu_ jl=FitOrg(aw_data,o data,v,n);
[aw_modelinput,m model,o model,x model] = modelOrg(n,C,v);

[normMSE, m model new,o model new] =
mseOrg (o_data,m data,aw _data,v,n,C);

fig = figure;
set (fig, 'Position', [400 50 1200 4001);

subplot(1,2,1);

plt = plot(x model,o model,x data,o data,'.');

set (plt(l), 'Linewidth', 2);

set (plt(2), "MarkerSize',10);

%axis ([0 max (m data) (min(o_data)-0.1) (max(o_data))+0.1])
% title(sprintf (strcat (Solute,sprintf (', n=%d, Normalized-
MSE=%g"',n,normMSE) ) ))

xlabel ('mole fraction')

ylabel ('osmotic coeff')

x_model=x model';
o _model=o model';

subplot(1,2,2);

txstr(l) = {sprintf('r jw = %g',r jw)};

txstr (3) {sprintf('mu j = %g',mu_j)};

txstr(5) = {sprintf('n = %g',n)};

txstr(7) = {sprintf('C = %g,\n',C)};

txstr(9) = {sprintf('Normalized-MSE = %g',normMSE) };
text (0.01,0.5,txstr);

dirname = strcat('./Fitting-Results/',Solute);

nid = sprintf (' n%d',n);
if isequal (exist(strcat('./Fitting-Results/',Solute),
fprintf (strcat('./Fitting-Results/"',Solute, '\n'))
else
mkdir (strcat ('.\Fitting-Results\',Solute))
fprintf (strcat('./Fitting-Results/',Solute, '\n"))
end
figname = strcat(dirname,'/',Solute,nid,"'.fig');
saveas (fig, figname)
figname = strcat(dirname,'/',Solute,nid,'.jpg");
set (fig, 'PaperPositionMode', 'auto')
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print (fig, '-djpeg', figname)

matfile = strcat(dirname,'/', Solute,nid, '.mat');
save (matfile, 'm model new','o model new');

One-Parameter Fitting Sub-Routine

function [mse,C,P0,r jw,mu_j] = FitOrg(aw_data,o_data,v,n)
% function [C,PO,r jw] = FitOrg(aw data,o data,v,n)
% The fit parameter is r jw.

k = 1.38e-23;

T = 298.15;

Mw = 0.01802; % Mol wt of H20 (kg/mol)

q=1;

e = 1.60218e-19;
mu w = 2.9;

r ww = 2.82e-10;
D = 3.33564e-30;

prompt = 'Enter initial guess of r Jjw 'y
PO = input (prompt) ;

% PO = 5e-10; %Initial guess r Jjw
% PO = [5e-10 15]; %Initial guess [r Jjw mu_J]

function [OUT] = f (P, aw)
OoUT = OsmFuncOrg (P,aw,v,n);

end
options = statset ('MaxIter',400, 'Robust','on');
[Pfit,r,J,cov,mse] = nlinfit(aw _data,o data,@f,P0,options);

r jw = Pfit
j (r jw/2.023e-10) ."3

3
ol

w

Il

o\
-
[N
=
|

= 5.02e-10; % glycerol from Paper 4 - Single-parameter fit
$ mu j =(r jw/2.023e-10)."3;

% r jw = 6.05e-10; % sucrose from Paper 4 - Single-parameter fit
$mu j = (r jw/2.023e-10) .73

o©

r jw = Pfit (1)
mu_j Pfit (2)

oo

o©

r jw 3.04e-10; % glycerol from Paper 4 - Two-parameter fit
mu j = 3.804; % glycerol from Paper 4

o
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for layer=1l:(n-1)
deltakE (layer) = ((mu_Jj*mu w*D"2)/((1.113e-10)* (r jwt (layer-
1)*r ww)"3))-((mu w"2*D"2)/((1.113e-10) * (layer*r ww) "3));
C(layer) = exp(deltak(layer)/ (k*T)); % Energy parameter
end

o

Pmodel = fitnlm(aw data,o data,@f,PO);
Pfit = Pmodel.Coefficients.Estimate

o

o\

% r jw = Pfit;

% % r jw = 5.02e-10;

$ mu j = (r jw/2.023e-10)."3

% for layer=1l:(n-1)

% deltakE (layer) = ((mu_Jj*mu w*D"2)/((1.113e-10)* (r Jjw+(layer-
1)*r ww)”~3))-((mu_w"2*D"2)/((1.113e-10) * (layer*r ww) "3));

% C(layer) = exp(deltak(layer)/ (k*T)); % Energy parameter

% end

end

Objective Function Sub-Routine

function [OUT] OsmFuncOrg (P, aw, v, n)

k = 1.38e-23;

T = 298.15;
Mw = 0.01802; % Mol wt of H20 (kg/mol)
q=1;

e = 1.60218e-19;
mu w = 2.9;

r ww = 2.82e-10;
D = 3.33564e-30;

r jw = P;
mu_j (r jw/2.023e-10) ."3;

o\

r jw = P(1)
mu j = P(2)

o©

deltakE @ (layer) ((mu_Jj.*mu w.*D.”2)./((1.113e-10).*(r jw+(layer-
1) .*r ww)."3))-((mu w.”2.*D."2)./((1.113e-10) .* (layer.*r ww) ."3));
C = @(layer) exp(deltaE(layer)./(k.*T)); % Energy parameter

Kw = 1;
awbar = aw./Kw;

NumorSum=0;

for k=1:(n-1),
NumorSum=NumorSum+ (awbar.” k) .* (1-C(k)) .*prod(C(1l:k-1));

end

DenomSum=0;

for k=1:(n-2),
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DenomSum=DenomSum+k* (awbar.” (k-1)) .*prod(C(1l:k));
end
Denom= (l-awbar) .”2.* (DenomSum) + (n-1-(n-2) . *Yawbar) . *Yawbar.” (n-
2) .*prod(C(l:n-1));

molality = ((l-awbar)./ (Mw.*v.*awbar)) .* (1-NumorSum) ./Denom;
OUT = (-log(aw) ./ (Mw*v*molality)):;
end

Molality Calculation Sub-Routine
function [aw _modelinput,m model, o model,x model] = modelOrg(n,C,v)

Mw=0.0180152; % Molecular weight water (kg/mol)

aw_modelinput
[0.0001:0.001:0.9999,0.99999,0.999999,0.9999999,0.99999999];

t = length(aw_modelinput) ;
m zeros (size (aw_modelinput)) ;

for 1 = 1:t

m model (i) = molalCalc(v,n,C,aw modelinput (i));
o _model (1) -(log(aw _modelinput(i)))/ (Mw*v*m model (i));
x_model (i) m model (i) ./ (m model(i)+1/Mw); % Mole fraction

end
function [OUT] = molalCalc(v,n,C,aw modelinput)

Mw=0.0180152; % Molecular weight water (kg/mol)

% Calculate molality Using EQN.27

awbar=aw modelinput./ (Kw) ;

NumorSum=0;

for k=1:(n-1),
NumorSum=NumorSum+ (awbar.” k) .* (1-C(k)) .*prod(C(1l:k-1));

end

DenomSum=0;

for k=1:(n-2),
DenomSum=DenomSum+k* (awbar.” (k-1)) .*prod(C(1l:k));

end

Denom= (l-awbar) .”2.* (DenomSum) + (n-1- (n-2) . *awbar) . *awbar.” (n-

2) .*prod(C(l:n-1));
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OUT = ((l-awbar) ./ (Mw.*v.*awbar)) .* (1-NumorSum) ./Denom;
end

end

Mean Square Error Calculation Sub-Routine

function [ normMSE,m model new,o model new ] =
mseOrg (o_data,m data,aw _data,v,n,C)

Mw=0.0180152; % Molecular weight water (kg/mol)

t length (aw_data);
m = zeros(size(aw_data));

for 1 = 1:t

m model new (i) molalCalc(v,n,C,aw _data(i));
o model new(i) = -(log(aw data(i)))/ (Mw*v*m model new(i));
x model new (i) m model new(i)./(m model new(i)+1/Mw); %

Mole fraction
end

m model new = m model new';
o _model new o _model new';

% assignin('base', 'molality', m model new);
% assignin('base', 'osm', o model new);

% Normalized mean square error

normMSE = sum(((m model new - m data)./m model new)."2)/t;

% normMSE = sum(( (o _model new - o data)./o model new).”"2)/t;
end

function [OUT] = molalCalc(v,n,C,aw_data)

Mw=0.0180152; % Molecular weight water (kg/mol)

% Calculate molality Using EQN.27

awbar=aw data./ (Kw) ;

NumorSum=0;

for k=1:(n-1),
NumorSum=NumorSum+ (awbar.” k) .* (1-C(k)) .*prod(C(l:k-1));

end

DenomSum=0;

for k=1:(n-2),
DenomSum=DenomSum+k* (awbar.” (k-1)) .*prod(C(l:k));
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end
Denom= (l-awbar) .”2.* (DenomSum) + (n-1-(n-2) . *Yawbar) . *Yawbar.” (n—-
2) .*prod(C(l:n-1));

OUT = ((l-awbar) ./ (Mw.*v.*awbar)) .* (1-NumorSum) ./Denom;

end

271



D4. Routine for Solute Molality and Activity of Multicomponent Aqueous Mixtures

by Coulombic Model.

function [ m ] = Paper4Mixture(j,C)

aw =
[0.0000001,0.000001,0.00001,0.0001,0.001:0.001:0.999,0.9999,0.99999,0.9
999991;

% aw = [0.5606 0.56 0.59 0.57 0.58 0.59 0.59 0.59
0.59 0.6 0.6 0.6 0.59 0.62 0.63 0.62 0.59 0.63
0.01 0.62 0.62 0.63 0.62 0.04 0.66];

N = 2; % number of solutes

k = 1.38e-23;

T = 298.15;

Mw = 0.01802; % Mol wt of H20 (kg/mol)

ql = 1;

az = 2;

e = 1.60218e-19;
mu w = 2.9;

r ww = 2.82e-10;
D = 3.33564e-30;

for kk = 1:N

prompt 'Enter solute of aqueous solution ;
Solute = input (prompt,'s');

if isequal (Solute, 'GlutaricAcid"')
j(kk) = 1; zpos(kk) = 0; zneg(kk) = 0; v(kk) = 1; rho(kk) = 0;
; mu_j(kk) = 0.159749; r jw(kk) = 1.04E-10; r jj(kk) = 0;
= 0; r neg(kk) = 0;
if isequal (Solute, 'MalicAcid'")
J(kk) = 1; zpos(kk) = 0; zneg(kk) = 0; v(kk) = 1;
n(kk) = 4; mu j(kk) = 7.67324; r jw(kk) = 3.57E-10;
r pos(kk) = 0; r neg(kk) = 0;
if isequal (Solute, 'ButyricAcid"')
J(kk) = 1; zpos(kk) = 0; zneg(kk) = 0; v(kk) = 1;

n(kk) =
r pos (kk

I o° oo — 1

rho (kk) 0;
r jj(kk) = 0;

I oe oo

rho (kk) 0; n(kk) = 3; mu j(kk) = 157.781; r jw(kk) = 13.5E-10;
r jj(kk) = 0; r pos(kk) = 0; r neg(kk) = 0;

% if isequal (Solute, 'AceticAcid'")

% J(kk) = 1; zpos(kk) = 0; zneg(kk) = 0; v(kk) = 1;
rho(kk) = 0; n(kk) = 6; mu Jj(kk) = 1.43626; r jw(kk) = 2.28E-10;

r jj(kk) = 0; r pos(kk) = 0; r neg(kk) = 0;
elseif isequal (Solute, 'SuccinicAcid')
J(kk) = 2; zpos(kk) = 0; zneg(kk) = 0; v(kk) = 1; rho(kk) = 0;
n(kk) = 10; mu j(kk) = 2.70024; r jw(kk) = 2.81706E-10; r jj(kk) = 0;
r pos(kk) = 0; r neg(kk) = 0;
% elseif isequal (Solute, 'TartaricAcid')
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% J(kk) = 2; zpos(kk) = 0; zneg(kk) = 0;
v(kk) = 1; rho(kk) = 0; n(kk) = 4; mu j(kk) = 77.68; r jw(kk) = 8.63E-
10; r jj(kk) = 0; r pos(kk) = 0; r neg(kk) = 0;

% elseif isequal (Solute, 'glycerol')

% J(kk) = 2; zpos(kk) = 0; zneg(kk) = 0; v(kk) 1;
rho(kk) = 0; n(kk) = 12; mu j(kk) = 3.804; r jw(kk) = 3.04E-10;

r jj(kk) = 0; r pos(kk) = 0; r neg(kk) = 0;
elseif isequal (Solute, 'CitricAcid'")

j(kk) = 3; zpos(kk) = 0; zneg(kk) = 0; v(kk) = 1; rho(kk) = 0;
n(kk) = 9; mu j(kk) = 16.1368; r jw(kk) = 5E-10; r jj(kk) = 0;

r pos(kk) = 0; r neg(kk) = 0;
elseif isequal (Solute, 'sucrose')

J(kk) = 4; zpos(kk) = 0; zneg(kk) = 0; v(kk) = 1; rho(kk) = 0;
n(kk) = 20; mu_j(kk) = 13.923; r jw(kk) = 4.55659E-10; r 3jj(kk) = 0;

r pos(kk) = 0; r neg(kk) = 0;
elseif isequal (Solute, 'MaleicAcid')

j(kk) = 5; zpos(kk) = 0; zneg(kk) = 0; v(kk) = 1; rho(kk) = 0;
n(kk) = 3; mu j(kk) = 4.3206; r jw(kk) = 3.17995E-10; r jj(kk) = 0;

r pos(kk) = 0; r neg(kk) = 0;
(

o\

elseif isequal (Solute, 'MalonicAcid'")

% J(kk) = 5; zpos(kk) = 0; zneg(kk) = 0; v(kk) = 1; rho(kk) =
0; n(kk) = 3; mu j(kk) = 40.2079; r jw(kk) = 7.09E-10; r jj(kk) = 0;
r pos(kk) = 0; r neg(kk) = 0;

elseif isequal (Solute, 'HNO3'")

j(kk) = 6; zpos(kk) = 1; zneg(kk) = 1; v(kk) = 2; rho(kk) =
37.287; n(kk) = 3; mu j(kk) = 0; r jw(kk) = 0; r jj(kk) = 2.27E-10;

r pos(kk) = 2.1E-11; r neg(kk) = 1.65E-10;
elseif isequal (Solute, 'NaNO3')

j(kk) = 7; zpos(kk) = 1; zneg(kk) = 1; v(kk) = 2; rho(kk) =
9.7517; n(kk) = 2; mu_j(kk) = 0; r jw(kk) = 0; r jj(kk) = 2.26E-10;

r pos(kk) = 1.01E-10; r neg(kk) = 1.65E-10;

% elseif isequal (Solute, 'LiC1l")

% J(kk) = 7; zpos(kk) = 1; zneg(kk) = 1; v(kk) = 2;
rho(kk) = 27.275; n(kk) = 6; mu j(kk) = 0; r jw(kk) = 0; r jj(kk) =
1.25E-10; r pos(kk) = 7.6E-11; r neg(kk) = 1.81E-10;

elseif isequal (Solute, "NaOH')

j(kk) = 8; zpos(kk) = 1; zneg(kk) = 1; v(kk) = 2; rho(kk) =
11.706; n(kk) = 4; mu j(kk) = 0; r jw(kk) = 0; r jj(kk) = 1.5E-10;

r pos(kk) = 1.01E-10; r neg(kk) = 1.53E-10;
elseif isequal (Solute, '"NaCl')

j(kk) = 9; zpos(kk) = 1; zneg(kk) = 1; v(kk) = 2; rho(kk) =
8.5709; n(kk) = 4; mu j(kk) = 0; r jw(kk) = 0; r jj(kk) = 2.24E-10;

r pos(kk) = 1.01E-10; r neg(kk) = 1.81E-10;
elseif isequal (Solute, 'NH4NO3')

J(kk) = 10; =zpos(kk) = 1; zneg(kk) = 1; v(kk) = 2; rho(kk) =
8.0672; n(kk) = 2; mu j(kk) = 0; r jw(kk) = 0; r jj(kk) = 2.16E-10;

r pos(kk) = 1.78E-10; r neg(kk) = 1.65E-10;
elseif isequal (Solute, "NH4C1'")

j(kk) = 11; =zpos(kk) = 1; zneg(kk) = 1; v(kk) = 2; rho(kk) =
14.586; n(kk) = 3; mu j(kk) = 0; r jw(kk) = 0; r jj(kk) = 2.23E-10;

r pos(kk) = 1.78E-10; r neg(kk) = 1.81E-10 ;
elseif isequal (Solute, 'HC1'")

j(kk) = 12; zpos(kk) = 1; zneg(kk) = 1; v(kk) = 2; rho(kk) =

28.172; n(kk) = 7; mu _j(kk) = 0; r jw(kk) = 0; r jj(kk) = 1.47E-10;

r pos(kk) = 0.21E-10; r neg(kk) = 1.81E-10 ;
elseif isequal (Solute, "NaHCO3")
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j(kk) = 13; =zpos(kk) = 1; zneg(kk) = 1; v(kk) = 2; rho(kk) =
13.00; n(kk)

= 2; mu j(kk) = 0; r jw(kk) = 0; r jj(kk) = 4.02E-10;

r pos (kk) 1.02E-10; r neg(kk) = 1.56E-10 ;
S elseif isequal (Solute, 'Na2C03"')
% J(kk) = 14; =zpos(kk) = 1; zneg(kk) = 2; v(kk) = 3; rho(kk) =
13.60; n(kk) = 2; mu j(kk) = 0; r jw(kk) = 0; r jj(kk) = 4.02E-10;
r pos(kk) = 1.02E-10; r neg(kk) = 1.79E-10 ;

elseif isequal (Solute, "NH42S04")

J(kk) = 14; zpos(kk) = 1; zneg(kk) = 2; v(kk) = 3; rho(kk) =

9.6; n(kk) = 3; mu j(kk) = 5.44; r jw(kk) = 3.41E-10; r jj(kk) = 0;
r pos(kk) = 1.02E-10; r neg(kk) = 1.79E-10 ;

elseif isequal (Solute, "H2CO3")

j(kk) = 15; zpos (kk) = 1; zneg(kk) = 2; v(kk) = 3; rho(kk) =

13.00; n(kk) = 2; mu j(kk) = 0; r jw(kk) = 0; r jj(kk) = 4.02E-10;
r pos(kk) = 0.21E-10; r neg(kk) = 1.79E-10 ;
% elseif isequal (Solute, "NH4HC204")
S J(kk)y = 13; zpos (kk) = 1; zneg(kk) = 1; v(kk) = 2; rho(kk) =
13.00; n(kk) = 2; mu j(kk) = 0; r jw(kk) = 0; r jj(kk) = 4.02E-10;
r pos(kk) = 1.78E-10; r neg(kk) = 1.56E-10 ;
% elseif isequal (Solute, ' (NH4)2C204")
% J(kk) = 14; zpos (kk) = 1; zneg(kk) = 2; v(kk) = 3; rho(kk) =
13.00; n(kk) = 2; mu j(kk) = 0; r jw(kk) = 0; r jj(kk) = 4.02E-10;
r pos(kk) = 1.78E-10; r neg(kk) = 1.79E-10 ;
% elseif isequal (Solute, 'H2C204")
% J(kk) = 15; zpos(kk) = 1; zneg(kk) = 2; v(kk) = 3; rho(kk) =
13.00; n(kk) = 2; mu j(kk) = 0; r jw(kk) = 0; r jj(kk) = 4.02E-10;
r pos(kk) = 0.21E-10; r neg(kk) = 1.79E-10 ;

end

if j(kk) >= 6 && j(kk) <= 13
mu_Jj (kk) gl*e* ((r_pos(kk)+r neg(kk))/2 + r jj(kk))/D;
r jw(kk) = r jj(kk) + (r_pos(kk)+r neg(kk))/2 + r ww/2;
end

o\

if j(kk) >= 14

mu_Jj(kk) = 0.866*g2*e* ((r_pos (kk)+r neg(kk)) + r jj(kk))/D;

r jw(kk) = 0.866*(r jj(kk) + (r pos(kk)+r neg(kk))) + riww/2;
end

o oP

o

for ii = 1l:n(kk)-1
deltaE (kk,1i) = ((mu_j (kk)*mu w*D"2)/((1.113e-
10) * (r_Jw(kk)+(1ii-1)*r ww)"3))-((mu w"2*D"2)/ ((1.113e-
10) * (ii*r _ww) *3));
C(kk,1i1) = exp(deltakE(kk,ii)/ (k*T)); % Energy parameter
)

% C(kk,1i1) = 1;
end
end
for kk = 1:N-1
prompt = 'Enter ratio of current solute to last solute in the form

"number" as in (number:1)"';
soluteratio (kk) = input (prompt) ;
end

assignin('base', 'soluteratio', soluteratio);
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t = length (aw);

for 1 = 1:t

m(N,i) = NR(i,Jj,rho,v,n,zpos,zneqg,C,aw(i),N,soluteratio(N-1,:));
for kk = 1:N-1
m(kk,i) = m(N,i).*soluteratio (N-1,kk);
end
m total(i) = 0;
for k = 1:N
m total(i) = m total(i) + m(k,1i)*v(k);
end
o(i) = -log(aw(i)) ./ (Mw*m total(i));
root m(i) = power (m total(i),0.5);
x (1) = m total(i)./(m total(i)+1/Mw); % Mole fraction of solute
root x (i) = sqrt(x(i));
m dry total(i) = sum(m(:,1i));
for kkk = 1:N
xstar (kkk) = m(kkk,i)./m_dry_total(i);
end
for p =1:N

[a(p,1),f Inf(p,1i),gamma Inf(p,i),K(p,1i),Ix(p,1i),Kw(p,1),awbar(p,1i),aba

r0(p,1) ,K Inf(p,1i)] =

SoluteActivity(N,i, j(p),rho,v,n(p),zpos, zneq,C(p,:),m,aw(i),p,xstar (p))

xpos (p,1) = m(p,1)./m total(i);
xneg(p,1i) = m(p,1)./m total(i);
if j(p) >= 6 && J(p) <= 15
f FS(p,1) =
(m_total(i)+(1./Mw)).*((a(p,1))./((m(p,1)."zpos(p)).*(m(p,1)."zneg(p)))
) .M (1./v(p)); % Fused salt reference state; Mole fraction basis
else
f FS(p,1) = (m_total(i)+(1./Mw)).*(a(p,1)./m(p,1)); % Fused
salt reference state; Mole fraction basis
end
end
end
aw=aw';
assignin('base', 'WaterActivity', aw);
m=m";
x2(:,2) = 1./ (l+soluteratio+ (1./(m(:,2).*Mw)));
mf2(:,2) =
(0.116072./(0.116072+(1./m(:,2))+ (soluteratio.*0.3422965))); % mass

fraction of maleic acid in sucrose mixture

’

assignin('base', 'SoluteMolality', m)
assignin('base', 'molefraction2', x2)
assignin('base', 'massfraction2',6 mf2
m_total=m total';

o=0";

abarO=abar0';

a=a';

) ;
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x=x"';

f Fs=f FS';

f Inf=f Inf';

gamma_ Inf=gamma Inf';
K=K"';

Ix=Ix"';

Kw=Kw';

awbar=awbar';

K Inf=K Inf';

assignin('base', 'MixtureMolality', m total);
assignin('base', 'OsmoticCoeff', 0);

assignin('base', 'SoluteActivity', a);

assignin('base', 'MoleFraction', x);

assignin('base', 'ActCoeff f FS', f FS);
assignin('base', "'ActCoeff f Inf', f Inf);
assignin('base', '"ActCoeff f Inf Molality', gamma Inf);

assignin('base', 'Ix', Ix);
assignin('base', 'abar0', abar0);

assignin('base', 'Kw', Kw);
assignin('base', 'awbar', awbar);
assignin('base', 'C', C);
assignin('base', 'xstar', xstar);

(
(
(
(
(
(
(
assignin('base', 'K', K);
(
(
(
(
(
(
(

assignin('base', 'K Inf', K Inf);
plot (root x,0);

xlabel ('Root-MoleFraction')
ylabel ('OsmoticCoeff')

figure;

plot(aw,f FS(:,2));
xlabel ('WaterActivity')
ylabel ('ActivityCoeffMA")
figure;

plot (aw,mf2) ;

xlabel ('WaterActivity')
ylabel ('MassFractionMA')
figure;

plot (aw, x2);

xlabel ('WaterActivity')
ylabel ('MoleFractionMA")

grid on
end
function [mout] = NR(i,j,rho,v,n, zpos, zneqg,C,aw,N,soluteratio)

dm = 0.0000000001; % step size for derivative of function f
ml = 1; % Give an initial starting molality guess.

% Newton raphson method

f = @(m) molalCalc(i,j, rho,v,n,zpos,zneqg,C,m,aw,N,soluteratio) - m;
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df = Q@ (m) (£ (m+dm)-£ (m) ) /dm;

for 1 = 1:10
m2 = abs(ml - f£(ml)/df(ml));
ml = m2;

end

mout = ml;
end
function [OUT] = molalCalc(i, j,rho,v,n,zpos,zneqg,C,m,aw,N,soluteratio)

Mw=0.0180152; % Molecular weight water (kg/mol)
Ax=2.917; % Debye-Huckel coeff. mol frac @ 298.15K

Q

% disp(aw); fprintf('\b'); disp(m); fprintf('\b'); disp(soluteratio);

IxTop = zpos (N) *zneg (N) .*v (N) ;
for kk = 1:N-1

IxTop = (IxTop + soluteratio (kk)*zpos(kk)*zneg(kk).*v(kk));
IxTop = m*IxTop;

end

IxBottom = v (N);

for kk = 1:N-1
IxBottom = (IxBottom + soluteratio(kk).*v(kk));

IxBottom = m*IxBottom;

end
Ix = (1/2)* (IxTop) ./ (IxBottom+1/Mw) ;
KwTop = (zpos (N) *zneg(N)*v (N)) ./ (l+rho(N)*Ix.~0.5);
for kk = 1:N-1
KwTop = (KwTop +

(zpos (kk) *zneg (kk) . *v (kk) *soluteratio(kk)) ./ (1+rho (kk) *Ix.~0.5)) ;
KwTop = m*KwTop;

end

Kw = exp((Ax.* (Ix."0.5).* (KwTop)) ./ (IxBottom+1/Mw) )

awbar=aw./ (Kw) ;

$ disp(Ix); fprintf('\b'); disp(Kw); fprintf('\b'); disp(awbar):;

% Calculate molality Using EQN.27
for p =1:N

if j(p) >= 1 && j(p) <=5
NumorSum (p)=0;
for k=1:(n(p)-1),
NumorSum (p) =NumorSum (p) + (awbar.” k) . * (1-
C(p,k)) .*prod(C(p,1:k-1));
end
DenomSum (p) =0;
for k=1:(n(p)-2),
) =D

DenomSum (p enomSum (p) tk* (awbar.” (k-1)) .*prod(C(p,1:k));
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end

Denom (p)=(l-awbar) .”2.* (DenomSum(p) )+ (n(p)-1-(n(p) -
2) .*awbar) . *awbar.” (n(p)-2) . *prod (C(p, 1: n(p) 1))
m0 (p)=((l-awbar) / (Mw*v (p) *awbar) ) * (1-NumorSum (p) ) /Denom (p) ;
else
NumorSum (p)=0;
for k=1:(n(p)-

1),
NumorSum (p) =NumorSum (p) + (awbar.” k) . * (1-
C(p,k)) .*prod(C(p,1:k-1));

end
DenomSum (p) =0;
for k=1:(n(p)-2),
DenomSum (p) =DenomSum (p) +k* (awbar.” (k-1)) .*prod(C(p,1:k));
end
Denom (p)=(l-awbar) .”2.* (DenomSum(p) ) +(n(p) -1-(n(p) -
2) .*awbar) . *awbar.” (n(p)-2) . *prod(C(p,1: n(p) 1))
m0 (p) =( (1-awbar) / (Mw*v (p) *awbar) ) * (1-NumorSum (p) ) /Denom (p) ;
end

end

mixturemodel=1./m0 (N) ;

for k=1:N-1,
mixturemodel=mixturemodel+soluteratio (kk)/mO (kk) ;

end

OUT = 1./mixturemodel;
end

function [a,f Inf,gamma Inf,K,Ix,Kw,awbar,abar0,K Inf] =
SoluteActivity(N,i, j, rho,v,n, zpos, zneqg,C,m, aw,p, xstar)

Mw=0.0180152; % Molecular weight water (kg/mol)
Ax=2.917; % Debye-Huckel coeff. mol frac @ 298.15K

IxTop=0;

for k=1:N,
IxTop=IxTop+m(k,1i) *zpos (k) *zneqg (k) . *v (k) ;

end

IxBottom=0;

for k=1:N,
IxBottom=IxBottom+m(k, i) .*v (k) ;

end

Ix = (1/2)* (IxTop) ./ (IxBottom+1/Mw) ;

% Ixref = (1/2)* zpos(p).*zneg(p);

$ IxFS = (1/2)* zpos(p).*zneg(p);

Ixref = (1/2)* (IxTop) ./ (IxBottom);

IXFS = (1/2)* (IxTop) ./ (IxBottom);

KwTop=0;

for k=1:N,
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KwTop=KwTop+ (m (k, 1) *zpos (k) *zneg (k) .*v (k)) ./ (1+rho (k) *Ix.~0.5) ;
end

Kw = exp((Ax.* (Ix.”0.5).* (KwTop)) ./ (IxBottom+1/Mw)) ;
awbar=aw./ (Kw) ;

oe

o

IxTop = m(l,1i)*zpos(l)*zneg(l).*v (1l
IxBottom = m(1l,i)*v(l) + m(2,1)*v (2
*

) + m(2,1)*zpos(2) *zneg (2) .*v (2);

)
v (1

(

o

% KwTop = (m(1l,1)*zpos(l)*zneg(l). y) ./ (l+rho (1) *Ix.”~0.5) +
(m(2,1)*zpos(2) *zneg (2)*v (2)) ./ (l+rho(2) *Ix.”0.5);
% disp(Ix); fprintf('\b'); disp(Kw); fprintf('\b'); disp (awbar);

DenSum=0;

for k=1:(n-1),
DenSum=DenSum+ (awbar.”k) .* (1-C(k)) .*prod(C(1l:k-1));

end

abar0 = ((l-awbar) ./ (1-DenSum)) . v (p);
if § >= 1 && § <= 5

K = exp((Ax*Ix"0.5*KwTop) / (IxBottom+1/Mw)); % mixture with only
neutral species
% K=exp ( (-Ax.* (IxFS-Ix) .*KwTop) ./ ((IxBottom+1l./Mw) .*Ix."0.5)); %
mixture with atleast one eletrolyte

else
SumKjTerm=0;
for k=1:N,

SumKjTerm=SumKjTerm+ (m(k, i) *zpos (k) *zneg (k) .*v(k)) ./ (2.*Ix.70.5.* (1+rho
(k)*Ix.”0.5));

end

K = (exp (-
zpos (p) . *zneg (p) *Ax* (2/rho (p) *log ( (1+rho (p) *Ix"0.5) / (1+rho (p) *Ixref”~0.5
))+((1-Ix./IxFS)/ (IxBottom+l/Mw) ) *SumKjTerm))) v (p);

end
a = xstar.*K.*abar0;

[)

% Reference state --> Infinite dilution
Ixref = 0;

for k=1:(n-1),
Cprod=prod(C(1l:k));
end

if 9 >=1 §& § <=5

K Inf = exp((Ax*Ix"0.5*KwTop)/ (IxBottom+1/Mw)); % mixture with only
neutral species
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oo

K Inf=exp ((-Ax.* (IXFS-Ix).*KwTop) ./ ((IxBottom+l./Mw) .*Ix."0.5));
% mixture with atleast one eletrolyte

f Inf = ((IxBottom+(l./Mw))./IxBottom).*abar0.*Cprod.*K Inf; %
Infinite dilution reference state; Mole fraction basis Activity
Coefficient for Non-dissociating species
else

K Inf = (exp(-
zpos (p) . *zneg (p) *Ax* (2/rho (p) *log ( (1+rho (p) *Ix"0.5) / (1+rho (p) *Ixref”~0.5
))+((1-Ix./IxFS)/ (IxBottom+l/Mw) ) *SumKjTerm))) v (p);

f Inf =
((IxBottom+ (1./Mw)) ./IxBottom).* (abar0.”(1./v(p))).*Cprod.*K Inf; %
Infinite dilution reference state; Mole fraction basis Activity
Coefficient for Dissociating species
end

% Molality basis Inf dilution reference state Activity coefficient (eq.
30)
gamma_ Inf = (Cprod./ (Mw.*IxBottom)).* ((abar0.*K Inf)."(1./v(p)));

end
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D5. Fitting Routine for Solute Molality and Activity of Aqueous Electrolytes by

Power Law Model.

clear

(@}

Mw = 0.0180152; % Mol wt of water kg/mol
Ax = 2.917; % Debye-Huckel coeff

prompt = 'Enter solute of aqueous solution';
Solute input (prompt, 's');

o\

if isequal (Solute, '"NaCl"')
n =4; zpos = 1; zneg = 1; v = 2; type = 1;
if isequal (Solute, 'HC1")
n =5; zpos = 1; zneg = 1; v = 2; type
elseif isequal (Solute, 'AceticAcid data')
n = 2; zpos = 1; zneg = 1; v = 2; type = 1;
if isequal (Solute, 'MgS04"')

n = 9; zpos = 2; zneg =
elseif isequal (Solute, "NH4ANO3'
n =5; zpos = 1; zneg = 1; v = 2; type = 2;

% elseif isequal (Solute, 'NaOH'")
n =4; zpos = 1; zneg = 1; v = 2; type = 1;
elseif isequal (Solute, "H2S04")

n =5; zpos = 1; zneg = 2; v = 3; type = 1;
elseif isequal (Solute, "NaNO3")

n = 11; zpos = 1; zneg = 1; v = 2; type = 1;
elseif isequal (Solute, "NH42S04")

n = 9; zpos = 1; zneg = 2; v = 3; type = 3;
% elseif isequal (Solute, 'Na2S04"')
n = 4; zpos = 1; zneg = 2; v = 3; type = 1;
elseif isequal (Solute, "Na2CO3")

n = 6; zpos = 1; zneg = 2; v = 3; type
elseif isequal (Solute, 'NH4CL')

n = 4; zpos = 1; zneg = 1; v = 2; type = 1;
elseif isequal (Solute, "TMACL'")

oe

I
=
~.

o©

o

2; v = 2; type = 2;
)

o©

o\

Il
=
~

n = "7; zpos = 1; zneg = 1; v = 2; type = 1;
end
% type = 1 is Power law from layer 2 to n-1
% type = 2 is Power law from layer 1 to n-1
% type = 3 is Power law from layer 2 to n-1
% type = 4 is All-C fit
dataloc = 'D:\Work\DataLit\Data Single Salts\';
datafile = strcat(dataloc,Solute,'.m');

run (datafile)

oo

m data = x;
o_data Q;

= molality
Osmotic coefficient

X
Q

o\°

aw _data = exp(-o data.*v.*Mw.*m data);
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o
o
o

m data = x; x = molality

% % aw_data = Q; % Q = water activity
% % o _data = zeros(size(aw _data));
% % o data = -(log(aw _data))./(Mw.*2.*m data); % osmotic coeff

x _data = v.*m data./(v.*m data+l/Mw); % Mole fraction
root x data = sqrt(x data);

[rho,C,mse,P]=FitElec (aw_data, o data, zpos, zneg,v,n, type,m data);

[aw _modelinput,m model,o model,x model] =
modelElec (n,C, rho,v, zpos, zneqg) ;

[normMSE, m model new,o model new] =
mseElec (o data,m data,aw data,n,C,rho,v, zpos, zneq) ;

root x model = sqgrt(x _model);

aw_modelinput=aw modelinput';
x model=x model';
m model=m model';

fig = figure;
set (fig, 'Position', [400 50 1200 400]);

subplot(1,2,1);
% plt = plot(x model,o model,x data,o data,'.");

plt = plot(root x model,o model,root x data,o data,'.");
set (plt(l), "'LinewWidth', 2);

set (plt(2), 'MarkerSize',10);

%axis ([0 max (m data) (min(o data)-0.1) (max(o data))+0.1])
% title(sprintf (strcat (Solute,sprintf (', n=%d, Normalized-
MSE=%g',n,normMSE) ) ))

xlabel ('root mole fraction')

ylabel ('osmotic coeff')

subplot (1,2,2);

txstr(l) = {sprintf('n = %g',n)};

txstr (3) {sprintf ('rho = %g',rho)};

txstr(5) = {sprintf('P = %g',P)};

txstr(7) = {sprintf('C = %g,\n',C)};

txstr(9) = {sprintf('Normalized-MSE = %g',normMSE) };
text (0.01,0.5, txstr) ;

dirname = strcat('./Fitting-Results/',Solute);
nid = sprintf (' n%d',n);
if isequal (exist(strcat('./Fitting-Results/',Solute),
fprintf (strcat('./Fitting-Results/',Solute,'\n"))
else
mkdir (strcat ('.\Fitting-Results\',Solute))
fprintf (strcat('./Fitting-Results/"',Solute, '\n'))
end
figname = strcat(dirname,'/',Solute,nid,'.fig");
saveas (fig, figname)

'dir'),7)
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figname strcat (dirname, '/',Solute,nid, '.Jpg"');
set (fig, 'PaperPositionMode’, "auto")
print (fig, '-djpeg', figname)

matfile = strcat(dirname, '/',6 Solute,nid, '.mat');
save (matfile, 'm model new','o model new', 'rho','P','C");

Fitting Sub-Routine

function [rho,C,mse, P]
FitElec (aw_data,o_data, zpos, zneg,v,n, type,m data)

% function [rho,C,P0,P] =
FitElec (aw_data, o _data,m data, zpos, zneg,v,n, type)

function [OUT] = £ (P, aw)
OUT = OsmFuncElec (P, aw, zpos, zneg, v, n, type,m data);

end

if type == 1

prompt 'Enter initial guess of [rho, C1, P] '
PO = input (prompt) ;

% PO = [13 1 -1]; %Initial guess [rho, Cl, P] for NaCl
S PO = [15 45 -1]; %$Initial guess [rho, Cl, P] for NaOH

options = statset('MaxIter',400, 'Robust','on');
[Pfit,r,J,cov,mse] = nlinfit(aw_data,o data,@f,P0,options);

rho = abs (Pfit (1))

)) i
C(l) = abs(Pfit(2));
P = Pfit (3)
for layer=2:(n-1)
C(layer) = (layer./n)."P;
end

elseif type ==

prompt = 'Enter initial guess of [rho, P] '
PO = input (prompt) ;

% PO = [13 0.1]; %$Initial guess [rho, P] for NH4NO3
options = statset('MaxIter',400, 'Robust','on');
[Pfit,r,J,cov,mse] = nlinfit(aw _data,o data,@f,P0,options);

rho = abs (Pfit (1))

P = Pfit (2)
for layer=1l:(n-1)

C(layer) = n.”-P.*layer.”P;
end
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elseif type ==

prompt = 'Enter initial guess of [rho, Cl, P] 'y
PO = input (prompt) ;

% PO = [13 1 -0.5]; %Initial guess [rho, Cl, P] for NH42S04
options = statset ('MaxIter',400, 'Robust','on');
[Pfit,r,J,cov,mse] = nlinfit(aw data,o data,@f,P0,options);

rho = abs (Pfit (1))

))
C(l) = abs(Pfit(2));
P = Pfit (3)
for layer=2:(n-1)
C(layer) = C(l).*layer.”P;
end

elseif type ==

% prompt = 'Enter initial guess of [rho C1] 'y

% prompt = 'Enter initial guess of [rho Cl C2] 'y

% prompt = 'Enter initial guess of [rho Cl1 C2 C3] '
prompt = 'Enter initial guess of [rho Cl C2 C3 C4] '

% prompt = 'Enter initial guess of [rho Cl C2 C3 C4

C5] i

% prompt = 'Enter initial guess of [rho C1

C2 C3 C4 C5 co6] 'y

% prompt = 'Enter initial guess of [rho

Cl C2 C3 C4 C5 C6 C7] 'y

% prompt = 'Enter initial guess of [rho

Cl C2 C3 C4 C5 Ce C7 C8] '

% prompt = 'Enter initial guess of [rho

Cl C2 C3 C4 C5 C6 C7 C8 C9] '

% prompt = 'Enter initial guess of [rho

Cl C2 C3 C4 C5 C6 C7 C8 C9 C10] '

% prompt = 'Enter initial guess of [rho

Cl C2 C3 C4 C5 C6 C7 C8 C9 Cl11] 'y

PO = input (prompt) ;

options = statset('MaxIter',400, 'Robust','on'");
[Pfit,r,J,cov,mse] = nlinfit(aw _data,o data,@f,P0,options);
rho = abs(Pfit (1)) ;
C(l) = Pfit(2);
C(2) = Pfit(3);
C(3) = Pfit(4);
C(4) = Pfit(5);
% C(5) = Pfit(6);
% C(6) = Pfit(7);
% C(7) = Pfit (8);
% C(8) = Pfit (9);
S C(9) = P£fit (10);
g C(10) = Pfit(11);
% C(ll) = Pfit(12);
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P=1;

o

Pmodel = fitnlm(aw data,o data,@f,PO);
Pfit = Pmodel.Coefficients.Estimate;

o° oo

oe

rho = abs (Pfit (1)) ;

C(l) = abs(Pfit(2));

P = Pfit(3);

for layer=2:(n-1)
C(layer) = C(1l).*layer.”P;

end

o 0P o o°

o©

end

end

Objective Function Sub-Routine

function [OUT] = OsmFuncElec (P, aw, zpos, zneg,v,n, type,m data)
Mw = 0.0180152; % Mol wt of water kg/mol
Ax = 2.917; % Debye-Huckel coeff
Ix = 0.5.*m _data.*zpos.*zneg.*v./ (v.*m data+l/Mw) ;

if type ==

rho = P(1);
Cl = P(2);
C = Q@(layer) n.”"-P(3).*layer.”P(3);

Kw = exp((2.*Ax.*Ix."1.5)./(1l+rho.*Ix.~(0.5)));
awbar = aw./Kw;

NumorSum= (awbar) .* (1-C1) ;

for k=2:(n-1),
NumorSum=NumorSum+ (awbar.” k) .* (1-C(k)) .*Cl*prod(C(2:k-1));

end

DenomSum=0;

for k=1:(n-2),
DenomSum=DenomSum+k.* (awbar.” (k-1)) .*Cl*prod(C(2:k));

end

Denom= (l-awbar) .”2.* (DenomSum) + (n-1-(n-2) . *awbar) . *awbar.” (n-

2) .*Cl*prod(C(2:n-1));

molality = ((l-awbar)./ (Mw.*v.*awbar)) .* (1-NumorSum) ./Denom;

OUT = -(log(aw))./(Mw.*v.*molality);
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elseif type ==

rho = P(1);
C = Q@(layer) n.”"-P(2).*layer.”P(2);
Kw = exp((2.*Ax.*Ix."1.5)./(1l+rho.*Ix.~(0.5)));

awbar = aw./Kw;

NumorSum=0;

for k=1:(n-1),
NumorSum=NumorSum+ (awbar.”*k) .* (1-C(k)) .*prod(C(l:k-1));

end

DenomSum=0;

for k=1:(n-2),
DenomSum=DenomSum+k. * (awbar.” (k-1)) .*prod(C(1l:k));

end

Denom= (l-awbar) .”2.* (DenomSum) + (n-1- (n-2) . *awbar) . *awbar.” (n-

2) .*prod(C(l:n-1));

molality = ((l-awbar)./ (Mw.*v.*awbar)) .* (1-NumorSum) ./Denom;
OUT = -(log(aw)) ./ (Mw.*v.*molality);
elseif type ==

rho = P(1);

Cl = P(2);

C = @(layer) Cl.*layer.”P(3);

Kw = exp((2.*Ax.*Ix."1.5)./(1l+rho.*Ix."~(0.5)));

awbar = aw./Kw;

NumorSum= (awbar) .* (1-C1) ;

for k=2:(n-1),
NumorSum=NumorSum+ (awbar.” k) .* (1-C(k)) .*Cl*prod(C(2:k-1));

end

DenomSum=0;

for k=1:(n-2),
DenomSum=DenomSum+k.* (awbar.” (k-1)) .*Cl*prod(C(2:k));

end

Denom= (l-awbar) .”2.* (DenomSum) + (n-1-(n-2) . *Yawbar) . *Yawbar.” (n-

2) .*Cl*prod(C(2:n-1));

molality = ((l-awbar)./(Mw.*v.*awbar)) .* (1-NumorSum) ./Denom;
OUT = -(log(aw))./(Mw.*v.*molality);

elseif type == 4
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% C(5) = P(6);

s C(e) = P(7);

s C(7) = P(8);

% C(8) = P(9)

% C(9) = P(10);

% C(10) = P(11);

% C(1l1l) = P(12);

P=1;
Kw = exp((2.*Ax.*Ix."1.5)./(1l+rho.*Ix.~(0.5)));

awbar = aw./Kw;

NumorSum=0;

for k=1:(n-1),
NumorSum=NumorSum+ (awbar.” k) .* (1-C(k)) .*prod(C(1l:k-1));

end

DenomSum=0;

for k=1:(n-2),
DenomSum=DenomSum+k. * (awbar.” (k-1)) .*prod(C(1l:k));

end

Denom= (l-awbar) .”2.* (DenomSum) + (n-1-(n-2) . *awbar) . *Yawbar.” (n-

2) .*prod(C(l:n-1));

molality = ((l-awbar)./ (Mw.*v.*awbar)) .* (1-NumorSum) ./Denom;
OUT = -(log(aw)) ./ (Mw.*v.*molality);
end

end

Molality Calculation Sub-Routine

function [aw_modelinput,m model, o model,x model] =
modelElec (n,C, rho,v, zpos, zneqg)

Mw=0.0180152; % Molecular weight water (kg/mol)
aw_modelinput =
[0.0001:0.001:0.9999,0.99999,0.999999,0.9999999,0.999999991;
t = length(aw_modelinput) ;

m zeros (size (aw _modelinput)) ;

for 1 = 1:t

m model (i) = NR(rho,v,n,zpos,zneqg,C,aw modelinput(i))

o model (i) = -(log(aw modelinput(i)))/ (Mw.*v.*m model (i));

x model (i) = v.*m model(i)./(v.*m model(i)+1/Mw); % Mole fraction
end
end
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function [mout] = NR(rho,v,n, zpos,zneg,C,aw modelinput)

dm = 0.00001; % step size for derivative of function f
ml = 1; % Give an initial starting molality guess.

Newton raphson method
= @(m) molalCalc(rho,v,n,zpos,zneg,C,m,aw_modelinput) - m;
f = @(m) (£ (m+tdm) -£ (m) ) /dm;
or ii = 1:10
m2 abs (ml - f£(ml)/df(ml));
ml = m2;
end

H Q. Hh o°

mout = ml;
end
function [OUT] = molalCalc(rho,v,n,zpos,zneqg,C,m,aw _modelinput)

Mw=0.0180152; % Molecular weight water (kg/mol)
Ax=2.917; % Debye-Huckel coeff. mol frac @ 298.15K

% Calculate molality Using EQN.27

IxTop = zpos.*zneg.*v;
IxBottom = v;
Ix = (1/2).* (m.*IxTop) ./ (m.*IxBottom+1/Mw) ;

KwTop = zpos.*zneg.*v./(l+rho.*Ix.”0.5);
Kw = exp (Ax.* (Ix.”0.5).* (m.*KwTop) ./ (m.*IxBottom+1/Mw)) ;

awbar=aw modelinput./ (Kw) ;

NumorSum=0;

for k=1:(n-1),
NumorSum=NumorSum+ (awbar.” k) .* (1-C(k)) .*prod(C(l:k-1));

end

DenomSum=0;

for k=1:(n-2),
DenomSum=DenomSum+tk.* (awbar.” (k-1)) .*prod(C(1l:k));

end

Denom= (l-awbar) .”2.* (DenomSum) + (n-1-(n-2) . *Yawbar) . *Yawbar.” (n-

2) .*prod(C(l:n-1));
OUT = ((l-awbar) ./ (Mw.*v.*awbar)) .* (1-NumorSum) ./Denom;

end

Mean Square Error Calculation Sub-Routine

function [normMSE,m model new,o model new] =
mseElec (o_data,m data,aw_data,n,C,rho, v, zpos, zneq)
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Mw=0.0180152; % Molecular weight water (kg/mol)
t = length(aw _data);
m zeros (size(aw_data));

for 1 = 1:t

m model new (i) = NR(rho,v,n,zpos,zneg,C,aw _data(i));
o model new(i) = -(log(aw data(i)))/ (Mw.*v.*m model new(i));
end

m model new = m model new';
o model new = o model new';

% assignin('base', 'molality', m model new);
% assignin('base', 'osm', o model new);

% Normalized mean square error
normMSE = sum(((m model new - m data)./m model new).”"2)/t;

o)

% normMSE = sum(((o_model new - o data)./o model new).”"2)/t;
end
function [mout] = NR(rho,v,n, zpos,zneg,C,aw _data)

dm = 0.00001; % step size for derivative of function f
ml = 1; $ Give an initial starting molality guess.

% Newton raphson method

f = @(m) molalCalc(rho,v,n,zpos,zneqg,C,m,aw _data) - m;
df = @(m) (f (m+dm) —£f (m) ) /dm;
for ii = 1:10
m2 = abs(ml - £(ml)/df(ml));
ml = m2;
end
mout = ml;
end
function [OUT] = molalCalc(rho,v,n,zpos,zneg,C,m,aw_data)

Mw=0.0180152; % Molecular weight water (kg/mol)
Ax=2.917; % Debye-Huckel coeff. mol frac @ 298.15K

% Calculate molality Using EQN.27

IxTop = zpos.*zneg.*v;
IxBottom = v;
Ix = (1/2).* (m.*IxTop)./ (m.*IxBottom+1/Mw) ;

KwTop = zpos.*zneg.*v./(l+rho.*Ix."0.5);
Kw = exp (Ax.* (Ix.”0.5).* (m.*KwTop) ./ (m.*IxBottom+1/Mw)) ;
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awbar=aw data./ (Kw) ;

NumorSum=0;

for k=1:(n-1),
NumorSum=NumorSum+ (awbar.”k) .* (1-C(k)) . *prod(C(1l:k-1));

end

DenomSum=0;

for k=1:(n-2),
DenomSum=DenomSum+k. * (awbar.” (k-1)) .*prod(C(1l:k));

end

Denom= (l-awbar) .”2.* (DenomSum) + (n-1- (n-2) . *awbar) . *awbar.” (n-

2) .*prod(C(l:n-1));

OUT = ((l-awbar)./ (Mw.*v.*awbar)) .* (1-NumorSum) ./Denom;
end
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D6. Fitting Routine for Solute Molality and Activity of Aqueous Neutral Organics

by Power Law Model.
clear
Mw = 0.0180152; % Mol wt of water kg/mol

prompt = 'Enter solute of aqueous solution 'y
Solute = input (prompt, 's');

if isequal (Solute, 'dimethylGA")
n = 35, v = 1;
elseif isequal (Solute, 'Propanol')
n =5; zpos = 1; zneg = 1; v = 2; type = 2;
elseif isequal (Solute, 'Sucrose')
n = 4; zpos = 1; zneg = 1; v = 2; type = 1;
elseif isequal (Solute, 'HNO3'")
n =8; zpos = 1; zneg = 1; v = 2;
elseif isequal (Solute, 'NH42S504")
n = 9; zpos = 1; zneg = 2; v = 3; type = 3;
elseif isequal (Solute, 'CaCl2"')
n = 6; zpos = 2; zneg = 1; v = 2;

d° AP ° o° o° o° d° o° o

o\

end

dataloc = 'D:\Work\DataLit\';
datafile = strcat (dataloc,Solute,'.m');
run (datafile)

m data = x; %
o_data

= molality
= Osmotic coefficient

Il

O

oo

O X
|

aw _data = exp(-o _data.*v.*Mw.*m data);
x data = m _data./(m data+l/Mw); % Mole fraction

[C,PO,P]=FitOrg(aw_data,o_data,v,n);
[aw_modelinput,o model,x model,m model] = modelOrg(n,C,v);

[normMSE, m model new,o model new] =
mseOrg (o_data,m data,aw _data,v,n,C);

fig = figure;
set (fig, 'Position', [400 50 1200 400]);

subplot(1,2,1);

plt = plot(x model,o model,x data,o data,'.");

set (plt(l), 'Linewidth', 2);

set (plt(2), "MarkerSize',10);

%axis ([0 max(m data) (min(o_data)-0.1) (max(o _data))+0.1])
% title(sprintf (strcat (Solute,sprintf (', n=%d, Normalized-
MSE=%g"',n,normMSE) ) ))

xlabel ('"mole fraction')

ylabel ('osmotic coeff')
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subplot(1,2,2);

txstr(l) = {sprintf('n = %g',n)};

txstr (3) {sprintf('P = %g,\n',P)};

txstr(5) = {sprintf('C = %g,\n',C)};

txstr(9) = {sprintf('Normalized-MSE = %g',normMSE) };

text (0.01,0.5,txstr);

dirname = strcat('./Fitting-Results/',Solute);
nid = sprintf (' n%d',n);

if isequal (exist(strcat('./Fitting-Results/',Solute), 'dir'),7)
fprintf (strcat ('./Fitting-Results/',Solute, '\n'"))
else
mkdir (strcat ('.\Fitting-Results\',Solute))
fprintf (strcat('./Fitting-Results/',Solute, "'\n'"))
end
figname = strcat (dirname,'/',Solute,nid,'.fig');
saveas (fig, figname)
figname = strcat(dirname,'/',Solute,nid,'.jpg");
set (fig, 'PaperPositionMode', 'auto"')
print (fig, '-djpeg', figname)
matfile = strcat(dirname, '/',Solute,nid, '.mat');
save (matfile, 'm model new', 'o model new');
aw_modelinput=aw modelinput';
m _model=m model';
Fitting Sub-Routine
% function [mse,C,P0,P] = FitOrg(aw data,o _data,v,n)
function [C,PO,P] = FitOrg(aw_data,o_data,v,n)
prompt = 'Enter initial guess of [Cl P] 'y
% prompt = 'Enter initial guess of P '
PO = input (prompt) ;
$ PO = -1; %$Initial guess [P]
function [OUT] = f (P, aw)
OUT = OsmFuncOrg (P,aw,v,n);
end
options = statset('MaxIter',400, 'Robust','on');
[Pfit,r,J,cov,mse] = nlinfit(aw_data,o data,@f,P0,options);

C(l) = abs(Pfit (1))
P = Pfit(2);
for layer=2:(n-1)
C(layer) = n.”-P.*layer.”P;
end

292



oo

Pmodel = fitnlm(aw _data,o data,@f,PO);
Pfit = Pmodel.Coefficients.Estimate;

o©

oo
oo

C(l) = abs(Pfit(1));
P = Pfit (2);

o° oo
o° oo

o
o
o

P = Pfit;

o\
o\

o©
o©

for layer=2:(n-1)
C(layer) = n.”-P.*layer.”P;
end

o
o

o
o

o

for layer=1:(n-1)
C(layer) = n.”-P.*layer."P;
end

o

o\

end

Objective Function Sub-Routine

function [OUT] = OsmFuncOrg(P,aw,v,n)

=
=
I

0.0180152; % Mol wt of water kg/mol

Q
iy
I

P(1);
C = Q@(layer)n.”-P(2) .*layer.”P(2);

o\°

C = Q@(layer)n.”=-P (1) .*layer.”P(1);

Kw = 1;
awbar = aw./Kw;

NumorSum= (awbar) .* (1-Cl1) ;

for k=2:(n-1),
NumorSum=NumorSum+ (awbar.” k) .* (1-C(k)) .*Cl*prod(C(2:k-1));

end

DenomSum=0;

for k=1:(n-2),
DenomSum=DenomSum+k.* (awbar.” (k-1)) .*Cl*prod(C(2:k));

end

Denom= (l-awbar) .”2.* (DenomSum) + (n-1-(n-2) . *Yawbar) . *Yawbar.” (n-

2) .*Cl*prod(C(2:n-1));

molality = ((l-awbar)./(Mw.*v.*awbar)) .* (1-NumorSum) ./Denom;

OUT = -(log(aw)) ./ (Mw.*v.*molality);

o\

NumorSum=0;

for k=1:(n-1),
NumorSum=NumorSum+ (awbar. k) .* (1-C(k)) .*prod(C(1l:k-1));

end

DenomSum=0;

for k=1:(n-2),

d° d° o oe

o
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oo

o©

end

o©

Denom= (l-awbar)

2) .*prod(C(l:n-1));
; molality = ((l-awbar)
; OUT = -(log(aw))

end

.2 .* (DenomSum) + (n-1- (n-2) . *awbar)

./ (Mw.*v.*awbar))

./ (Mw.*v.*molality) ;

Molality Calculation Sub-Routine

function [aw_modelinput, o model,x model,m model]

Mw=0.0180152;

aw_modelinput

[0.0001:0.001:

% Molecular weight water

(kg/mol)

DenomSum=DenomSum+k.* (awbar.” (k-1)) .*prod(C(1l:k));

. *awbar.” (n-

. * (1-NumorSum) ./Denom;

modelOrg (n,C,v)

.9999,0.99999,0.999999,0.9999999,0.99999999];

t = length(aw modelinput);
m model = zeros(size(aw_modelinput));

for i = 1:t

m model (i)

= molalCalc(v,n,C,aw modelinput (i));

o model (i) = -(log(aw _modelinput (i)))/ (Mw*v*m model (i));
x model (i) = m model(i)./(m model(i)+1/Mw); % Mole fraction

end

o 0P o° o° o°
5 0
=
|

o
o

$ £

s d

% for ii = 1:10

% m2 = abs (ml
% ml = m2;

% end

o\°

o\

mout = ml;

o©

o

end

function [OUT]

Mw=0.0180152;

00001;

function [mout]

= NR(v,n,C,aw modelinput)

Newton raphson method
= @(m) molalCalc(v,n,C,m,aw modelinput)
f = @(m) (f(m+dm) —£f (m) ) /dm;

0. % step size for derivative of function f
= 1; % Give an initial starting molality guess.

- f(ml)/df (ml));

% Molecular weight water

molalCalc(v,n,C,aw modelinput)

% Calculate molality Using EQN.27
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awbar=aw _modelinput./ (Kw) ;

NumorSum=0;

for k=1:(n-1),
NumorSum=NumorSum+ (awbar. k) .* (1-C(k)) .*prod(C(1l:k-1));

end

DenomSum=0;

for k=1:(n-2),
DenomSum=DenomSum+k* (awbar.” (k-1)) .*prod(C(1l:k));

end

Denom= (l-awbar) .”2.* (DenomSum) + (n-1-(n-2) . *awbar) . *Yawbar.” (n-

2) .*prod(C(l:n-1));

OUT = ((l-awbar)./ (Mw.*v.*awbar)) .* (1-NumorSum) ./Denom;
end

end

Mean Square Error Calculation Sub-Routine

function [normMSE,m model new,o model new] =
mseOrg (o_data,m data,aw _data,v,n,C)

Mw=0.0180152; % Molecular weight water (kg/mol)

t = length(aw_data);
m zeros (size (aw_data));

for 1 = 1:t

m model new (i) = molalCalc(v,n,C,aw data(i));
o model new(i) = -(log(aw _data(i)))/ (Mw.*v.*m model new(i));
end

m _model new = m model new';
o _model new o _model new';

[)

% Normalized mean square error

normMSE = sum(((m model new - m data)./m model new).”"2)/t;

$ normMSE = sum(((o model new - o data)./o model new).”"2)/t;
end

function [OUT] = molalCalc(v,n,C,aw_data)

Mw=0.0180152; % Molecular weight water (kg/mol)

295



awbar=aw _data./ (Kw) ;

NumorSum=0;

for k=1:(n-1),
NumorSum=NumorSum+ (awbar.” k) .* (1-C(k)) .*prod(C(1l:k-1));

end

DenomSum=0;

for k=1:(n-2),
DenomSum=DenomSum+k.* (awbar.” (k-1)) .*prod(C(1l:k));

end

Denom= (l-awbar) .”2.* (DenomSum) + (n-1-(n-2) . *awbar) . *Yawbar.” (n-

2) .*prod(C(l:n-1));

OUT = ((l-awbar)./ (Mw.*v.*awbar)) .* (1-NumorSum) ./Denom;

end

D7. Routine for Solute Molality and Activity of Multicomponent Aqueous Mixtures

by Power Law Model.
function [ m ] = Paper3Mixture(j,C)

aw =
(0.000001,0.00001,0.0001:0.0001:0.9999,0.99999,0.999999,0.9999999,0.999
999991;

5 aw = [0.960286708 0.944079883 0.961204336 0.960989047 0.950973435
.987008522 0.990369509 0.989201244 0.986506292 0.98161219 0.916740315
.837320024 0.930269489 0.897306905 0.85426791 0.909578937 0.932249019
.950273019 0.961937746 0.944902935 0.963103276 0.967793187 0.955040868
.976854496 1;

o\

O O O o

Mw = 0.0180152; % Molecular weight water (kg/mol)
N = 3; % number of solutes
for k = 1:N

prompt = 'Enter solute of aqueous solution 'y
Solutel = input (prompt, 's');

if isequal (Solutel, 'NaCl')
(k) = 1; zpos(k) = 1; zneg(k) = 1; v(k) = 2;
rho(k) = 13.9086; n(k) = 4; P(k) = -1.6332; Cl(k) = 2.5452; cation(k) =
1; anion(k) = 1;
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o

Jj(k) = 1; zpos(k) = 1; zneg(k) = 1; v(k) = 3; rho(k) =
9.7912; n(k) = 5; P(k) = -0.90625; Cl(k) = 70.5109; cation(k) = 2;
anion(k) = 1;
if isequal (Solutel, "HNO3')
J(k) = 1; zpos(k) = 1; zneg(k) = 1; v(k) = 2; rho(k) =
5.341; n(k) = 8; P(k) = -0.2520; Cl(k) = 8.5978;
if isequal (Solutel, "NH4C1"'")

S Jj(k) = 1; zpos(k) = 1; zneg(k) 1; vi(k)
14.3129; n(k) = 4; P(k) = -0.7632; Cl(k) = 1.08578;
elseif isequal(Solutel, "AceticAcid data')

(k) = 2; zpos(k) = 1; zneg(k) = 1; v(k)
(k) = 2; P(k) = -1; cation(k) = 1; anion(k) = 1;

o° = o° oe

2; rho (k)

= 2; rho(k) = 9.3566;

n
S elseif isequal (Solutel, "NH4NO3"'")
% J(k) = 2; zpos(k) = 1; zneg(k) = 1; vi(k) = 2; rho(k) =
13.4745; n(k) = 5; P(k) = 0.1304; cation(k) = 1; anion(k) = 1;
% elseif isequal (Solutel, ' (NH4)2C204")
3 j(k) = 2; zpos(k) = 1; zneg(k) = 2; v(k) = 3; rho(k) = 13.00;
n(k) = 2; P(k) = -0.1; cation(k) = 2; anion(k) = 1;

% elseif isequal (Solutel, "NaOH')

% j(k) = 3;

% elseif isequal (Solutel, "HNO3')

5 j(k) = 4;
% elseif isequal (Solutel, 'H2S504"')
% J(k) = 3; zpos(k) = 1; zneg(k) = 2; vi(k) = 3; rho(k) =
9.7912; n(k) = 5; P(k) = -0.90625; Cl(k) = 70.5109; cation(k) = 2;
anion (k) = 1;

elself is equal(Solutel 'HC1")
(k) = 3; zpos(k) = 1; zneg(k) = 1; v(k) = 2; rho(k) = 58.89;

n(k) = 5; P(k) = -1.55372; Cl(k) = 442.981; cation(k) = 1; anion(k) =
1;
% elseif isequal (Solutel, 'MgS0O4"')
% J(k) = 4; zpos(k) = 2; zneg(k) = 2; vi(k) = 2; rho(k) =
13.7029; n(k) = 7; P(k) = -1.26831; cation(k) = 1; anion(k) = 1;
% elseif isequal (Solutel, "NH4HC204")
% J(k) = 4; zpos(k) = 1; zneg(k) = 1; vi(k) = 2; rho(k) = 13.00;
n(k) = 2; P(k) = -0.1; cation(k) = 1; anion(k) = 1;
S elseif isequal (Solutel, "NaCH3COO'")
S Jj(k) = 4; zpos(k) = 1; zneg(k) = 1; vi(k) = 2; rho(k) = 13.00;
n(k) = 2; P(k) = -0.1; cation(k) = 1; anion(k) = 1;

elseif isequal (Solutel, "NH4HSO4")
j(k) = 4; zpos(k) = 1; zneg(k) = 1;
n(k) = 2; P(k) = -0.1; Cl(k) = 1; cation (k)
elseif isequal (Solutel, ' (NH4)2S04")

<

(k) = 2; rho(k) = 13.00;
1; anion(k) = 1;

(
J(k) = 5; zpos(k) = 1; zneg(k) = 2; v(k) = 3; rho(k) = 13.516;
(k) = 9; P(k) = -0.2778; Cl(k) = 1.5413; cation(k) = 2; anion(k) = 1;
elseif isequal (Solutel, 'CaCl2"')
Jj(k) = 6;
elseif isequal (Solutel, 'CaCl2"')
j(k) = 6;
elseif isequal (Solutel, 'Glycerol')
j(k) = 7;
elseif isequal (Solutel, "H2S04")
J(k) = 7; zpos(k) = 1; zneg(k) = 2; v(k) = 3; rh
n(k) = 5; P(k) = -0.897278; Cl(k) = 114.082; cation(
1;

o° o0 B3

o\

o©

o(k) = 9.82174;
k) = 2; anion (k) =

elseif isequal (Solutel, "NaNO3"'")
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j(k) = 8; zpos(k) = 1; zneg(k) = 1; v(k) = 2; rho(k) = 18.3287;
n(k) = 11; P(k) = -0.0435372; Cl(k) = 1.81043;
elseif isequal (Solutel, 'GlutaricAcid')
j(k) = 9; zpos(k) = 1; zneg(k) = 1; v(k) =
rho(k) = 0; n(k) = 4; P(k) = 1.6034; Cl(k) = 3.0049; cation(k) = 1;

% elseif isequal (Solutel, '"PEG200")
% J(k) = 9; zpos(k) = 1; zneg(k) = 1; v(k)
n(k) = 4; P(k) = -0.2053; Cl(k) = 1.719; cation(k) = 1; anion (k)

|
N
K
jop
o
~
Il
o

n(k)),P(k)) % Energy parameter
) =1

;1) = Cl(k)*power(i,P(k));

end

'_l
o
fn
=
|
|
N

== [l J(k) == 9)
C(k,1) = power((1/n(k)),P(k))
else

C(k,1) = Cl(k);
end

end

o\°
o\°
o\°
o\°

dataloc = 'D:\Work\DataLit\Data Single Salts\';
datafile = strcat (dataloc, Solutel,'.m'");
run (datafile)

o o° oe
o o° oe
o o° oe
o o° oe

o
o
o
oo
o

m data(l,:) = x; x = molality
o data(l,:) = Q; % Q = Osmotic coefficient

o° oe
o° oe
o° oe
o° oe

o\
o\
o\
o\

aw_data(l,:) = exp(-o _data(l,:).*v(l).*Mw.*m data(l,:));

o©
o©
o©
o©

o
o
o
o

x data(l,:) = v(l).*m data(l,:)./(v(1l).*m data(l,:)+1/Mw); %
Mole fraction

o o o o

% % % % root x data(l,:) = sqrt(x data(l,:));

t = length (aw);

prompt = 'Enter Ratio of first solute to second solute in the form
"number" as in (number:1)"';
soluteratio = input (prompt) ;

assignin('base', 'soluteratio', soluteratio);

m = zeros (size(aw));
num = zeros (size (aw));
den = zeros(size(aw));

for i = 1:t
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m(N,i) = NR(i,j,rho,v,n,zpos,zneqg,C,aw(i),N,soluteratio(i,:));
m(N,i) = NR(i,Jj,rho,v,n,zpos,zneqg,C,aw(i),N,soluteratio);

o©
o©

for kk = 1:N-1

m(kk,i) = m(N,i)*soluteratio (i, kk);
$ % m(kk,i) = m(N,1i)*soluteratio;
$ % m(kk,1) = m(N,i)*soluteratio (kk);
end
m total (i) = 0;
for k = 1:N
m total(i) = m total(i) + m(k,1i)*v(k);
end
o(i) = -log(aw(i))./(Mw*m total(i));
root m(i) = power (m total(i), O 5);
x (1) = m_ otal( )./ (m_total(i)+1/Mw); % Mole fraction of solute
% x (1, ) =m(l,i)./(m(1,1)+1/Mw);
% x (2,1) = m((2,1)./(m(2,1)+1/Mw) ;
root x (i) = sqrt( x (1))
m dry total(i) = sum(m(:,1))

for kkk = 1:N

xstar (kkk) = m(kkk,1)./m dry total(i);
end
for p =1:N

[a(p,1),f Inf(p,1i),gamma Inf(p,i),K(p,1),Ix(p,1),Kw(p,1),awbar(p,1i),h aba
r0(p,1) ,K Inf(p,1)] =
SoluteActivity(N,i,j(p),rho,v,n(p),zpos,zneqg,C(p,:),m,aw(i),p,xstar(p))

I

xpos (p,1) = m(p,1i)./m total(i);
xneg(p,i) = m(p,1i)./m total(i);
% if j(p) >= 6 && J(p) <= 12
f FS(p,1) =
(m_total(i)+(1l./Mw)) .*((abar0(p,i)*xstar(p))./(((cation(p)*m(p,i))."cat
ion(p)) .*((anion(p)*m(p,i)) . anion(p)))) .~ (1./v(p)); % Fused salt
reference state; Mole fraction basis; eqn A2
% else
% f FS(p,1) =
(m_total(i)+(1./Mw)).*(a(p,1)./m(p,1)); %
% Fused salt reference state; Mole fraction basis
% end
end
end
aw=aw';
assignin('base', 'WaterActivity', aw);
m=m';

assignin('base', 'SoluteMolality', m);
m_total=m total';

o=0"'

abarO=abar0';

a=a';

x=x";

f Fs=f FS';

f Inf=f Inf';
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gamma Inf=gamma Inf';
K=K';

Ix=Ix";

Kw=Kw';

awbar=awbar';

K Inf=K Inf';

assignin('base', 'MixtureMolality', m total);
assignin('base', 'OsmoticCoeff', o0);
assignin('base', 'SoluteActivity', a);
assignin('base', 'MoleFraction', x);
assignin('base', 'ActCoeff f FS', f FS);
assignin('base', "ActCoeff f Inf', f Inf);

(

(

(

(

(

(
assignin('base', 'ActCoeff f Inf Molality', gamma Inf);
assignin('base', 'K', K);
assignin('base', 'Ix', IXx);
assignin('base', 'abar0', abar0);
assignin('base', 'Kw', Kw);
assignin('base', 'awbar', awbar);
assignin('base', 'C', C);

(

(

assignin('base', 'xstar', xstar);
assignin('base', 'K Inf', K Inf);
plot(x,o0,"'.");

plot (root x,0,'-"',root x data,o data,'.");
xlabel ('Root-MoleFraction')

ylabel ('OsmoticCoeff'")

grid on

end

function [mout] = NR(i,j,rho,v,n,zpos,zneqg,C,aw,N,soluteratio)
dm = 0000000001; % step size for derivative of function £

0.
1; % Give an initial starting molality guess.

ml

[

% Newton raphson method

f = @(m) molalCalc(i,j, rho,v,n,zpos,zneqg,C,m,aw,N,soluteratio) - m;
df = @(m) (f (m+dm) —£f (m) ) /dm;
for 1 = 1:10
m2 = abs(ml - f£(ml)/df(ml));
ml = m2;
end
mout = ml;
end
function [OUT] = molalCalc(i,j,rho,v,n,zpos,zneqg,C,m,aw,N,soluteratio)

Mw=0.0180152; % Molecular weight water (kg/mol)

300



Ax=2.917; % Debye-Huckel coeff. mol frac @ 298.15K

)

% disp(aw); fprintf('\b'); disp(m); fprintf('\b'); disp(soluteratio);

IxTop = zpos (N) *zneg (N) .*v (N) ;

for kk = 1:N-1
IxTop = (IxTop + soluteratio (kk) *zpos (kk)*zneg (kk) .*v (kk));
IxTop = m*IxTop;

end

IxBottom = v (N);
for kk = 1:N-1

IxBottom = (IxBottom + soluteratio (kk).*v(kk));
IxBottom = m*IxBottom;
end
Ix = (1/2)* (IxTop) ./ (IxBottom+1/Mw) ;
KwTop = (zpos (N)*zneg(N)*v (N))./(l+rho(N)*Ix.~0.5);
for kk = 1:N-1
KwTop = (KwTop +

(zpos (kk) *zneg (kk) . *v (kk) *soluteratio (kk)) ./ (1+rho (kk) *Ix.”~0.5));
KwTop = m*KwTop;

end

Kw = exp ((Ax.* (Ix.”0.5) .* (KwTop)) ./ (IxBottom+1/Mw) )

awbar=aw./ (Kw) ;

% Calculate molality Using EQN.27
for p =1:N

o©
o©
o©
o©

if j(p) >= 1 && J(p) <=5
NumorSum (p) =0;

for k=1:(n(p)-1),

) =N

oo
oo
oo
oo

o\°
o\°
o\°
o\°

$ % % % NumorSum (p umorSum (p) + (awbar.” k) . * (1-
C(p,k)) .*prod(C(p,1:k=-1));

T % % % end

% % % DenomSum (p)=0;

3% % % for k=1:(n(p)-2),

$ % % % DenomSum (p) =DenomSum (p) +k* (awbar.” (k-
1)) .*prod(C(p,1:k));

T % % % end

T % %% Denom (p) = (1 awbar) .”2.* (DenomSum (p) )+ (n(p) -1-(n(p) -
2) .*awbar) . *awbar.” (n(p)-2) .*prod (C(p,1l:n(p)-1));

5% % % mO0 (p)=((1- awbar)/(Mw*v(p)*awbar))*(l—

NumorSum (p) ) /Denom (p) ;

$ % % % else
NumorSum (p) =0;
for k=1:(n(p)-

1),
NumorSum (p) =NumorSum (p) + (awbar.” k) . * (1-
C(p,k)).*prod(C(p,1:k-1));

end
DenomSum (p) =0;
for k=1:(n(p)-2),
DenomSum (p) =DenomSum (p) tk* (awbar.” (k-1)) .*prod (C(p,1:k));
end
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Denom (p) = (l-awbar) ."2.* (DenomSum (p) ) +(n(p) -1-(n(p) -
2) .*awbar) . *awbar.” (n(p)-2) . *prod(C(p,1l:n(p)-1));

m0 (p) =( (1-awbar) / (Mw*v (p) *awbar) ) * (1-NumorSum (p) ) /Denom (p) ;
%5 %% end

end

mixturemodel=1./m0 (N) ;

for k=1:N-1,
mixturemodel=mixturemodel+soluteratio (kk)/mO (kk) ;

end

OUT = 1./mixturemodel;
end

function [a,f Inf,gamma Inf,K,Ix,Kw,awbar,abar0,K Inf] =
SoluteActivity(N,i, j, rho,v,n, zpos, zneqg,C,m, aw, p, xstar)

Mw=0.0180152; % Molecular weight water (kg/mol)
Ax=2.917; % Debye-Huckel coeff. mol frac @ 298.15K

IxTop=0;

for k=1:N,
IxTop=IxTop+m(k,1i) *zpos (k) *zneqg (k) . *v (k) ;

end

IxBottom=0;

for k=1:N,
IxBottom=IxBottom+m (k, i) .*v (k) ;

end

Ix = (1/2)* (IxTop) ./ (IxBottom+1/Mw) ;

% Ixref = (1/2)* zpos(p).*zneg(p);

% IxXFS = (1/2)* zpos(p).*zneg(p);

Ixref = (1/2)* (IxTop) ./ (IxBottom);

IxXFS = (1/2)* (IxTop) ./ (IxBottom);

KwTop=0;

for k=1:N,

KwTop=KwTop+ (m (k, 1) *zpos (k) *zneg (k) .*v (k) ) ./ (1+rho (k) *Ix."0.5);
end

Kw = exp ((Ax.* (Ix."0.5).* (KwTop)) ./ (IxBottom+1l/Mw)) ;
awbar=aw./ (Kw) ;

o©

oo

IxTop = m(l,1i)*zpos(l)*zneg(l).*v (1l
IxBottom = m(1l,i)*v(1l) + m(2,1)* (

) + m(2,1)*zpos(2) *zneg (2) .*v (2);
) ;
% KwTop = (m(1l,1)*zpos(l)*zneg(l).*v (1
( (

o\°

)) ./ (l+rho (1) *Ix.”0.5) +
m(2,1)*zpos (2) *zneg (2) *v(2)) . /(l+rho 2)*Ix."0.5);
% disp(Ix); fprintf('\b'); disp(Kw); fprintf('\b'); disp (awbar);
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DenSum=0;
for k=1:(n-1),
DenSum=DenSum+ (awbar.”k) .* (1-C(k)) .*prod(C(1l:k-1));

end
abar0 = ((l-awbar)./(1-DenSum)) . v (p);
for k=1:N,
zz (k) = zpos (k) *zneg (k) ;
end
if zz(p) == 0
% K = exp ((Ax*Ix"0.5*KwTop) / (IxBottom+1/Mw)) ;
K=exp ( (-Ax.* (IXFS-Ix) .*KwTop) ./ ((IxBottom+l./Mw) .*Ix."0.5));
else
SumKjTerm=0;
for k=1:N,

SumKjTerm=SumKjTerm+ (m(k, 1) *zpos (k) *zneg (k) .*v(k)) ./ (2.*Ix.70.5.* (1+rho
(k) *Ix.”0.5));

end

K = (exp (-
zpos (p) . *zneg (p) *Ax* (2/rho (p) *log ( (1+rho (p) *Ix"0.5) / (1+rho (p) *Ixref”~0.5
))+((1-Ix./IxFS)/ (IxBottom+l/Mw) ) *SumKjTerm))) v (p);
end

a = xstar.*K.*abar0;

Q

% Reference state --> Infinite dilution
Ixref = 0;

for k=1:(n-1),
Cprod=prod(C(l:k));

end

if zz(p) ==
K_Inf=exp ((-Ax.* (IxFS-Ix).*KwTop) ./ ((IxBottom+l./Mw).*Ix."0.5));
f Inf = ((IxBottom+(l./Mw))./IxBottom).*abar0.*Cprod.*K Inf; %

Infinite dilution reference state; Mole fraction basis Activity
Coefficient for Non-dissociating species
else

K Inf = (exp(-
zpos (p) . *zneg (p) *Ax* (2/rho (p) *log ( (1+rho (p) *Ix"0.5) / (1+rho (p) *Ixref”~0.5
))+((1-Ix./IxFS)/ (IxBottom+l/Mw) ) *SumKjTerm))) v (p);

f Inf =
((IxBottom+ (1./Mw)) ./IxBottom).* (abar0.”(1./v(p))).*Cprod.*K Inf; %
Infinite dilution reference state; Mole fraction basis Activity
Coefficient for Dissociating species
end

% Molality basis Inf dilution reference state Activity coefficient (eq.
30)
gamma Inf = (Cprod./ (Mw.*IxBottom)).* ((abar0.*K Inf)."(1./v(p)));

end
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Copyright Permissions

Parts of Chapter 1, and Chapters 2, 3 and 6 were published in the American Chemical
Society (ACS) journals, and are included in this thesis with permission on Apr 18, 2018. The
ACS copyright policy states: “Anyone who is doing personal, noncommercial research may
view, print material, and temporarily store materials from this site, provided that ACS's
copyright notices are not removed and that the reuse of material does not conflict with any of
the prohibited uses.”. “Reuse/Republication of the Entire Work in Theses or Collections:
Authors may reuse all or part of the Submitted, Accepted or Published Work in a thesis or
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granting institutions. Such reuse is permitted subject to the ACS’ “Ethical Guidelines to

Publication of Chemical Research”; the author should secure written confirmation (via letter

or email) from the respective ACS journal editor(s) to avoid potential conflicts with journal
prior publication/embargo policies. Appropriate citation of the Published Work must be made.
If the thesis or dissertation to be published is in electronic format, a direct link to the Published

Work must also be included using the ACS Articles on Request author-directed link.”

Parts of Chapter 4 were published in the ACS, Copernicus, and Royal Society of
Chemistry (RSC) publications, and are included in this thesis with permission from ACS on
Apr 18, 2018 and RSC on May 17, 2018. Permission was not required by the Copernicus
publications, since the authors retain the copyright of the article. The Copernicus license and
copyright agreement states: “All articles published by Copernicus Publications have been
licensed under the Creative Commons Attribution 4.0 License since 6 June 2017 or under its
former version 3.0 since 2007. Under these licenses the authors retain the copyright. There is
no need from the publisher's side to allow/confirm a reproduction. We suggest contacting the
authors to inform them about the further usage of the material. In any case, the authors must

be given credit.”.
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To reprint Figure 5.2, permission was obtained by the AMS Senior Peer Review Support
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with permission.”.
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other licensing.
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