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Zusammenfassung 

Das Phasenverhalten wässriger Salzsysteme spielt eine entscheidende Rolle sowohl in der 

natürlichen Umwelt als auch in industriellen Anwendungen. Sind diese Systeme auf der 

Nanoskala eingegrenzt, ergeben sich signifikante Abweichungen von ihrem Verhalten in 

Bulksystemen, darunter die Erniedrigung von Schmelzpunkten und Deliqueszenzfeuchte (DRH). 

Diese Phänomene stellen unser klassisches Verständnis von Phasenübergängen zwischen 

Wasserdampf, wässrigen Lösungen, Eis und Salzen als zentrale Prozesse bei der Solebildung im 

Marsregolith und den hygroskopischen Eigenschaften von atmosphärischen Aerosolen in Frage. 

Auf der Nanoskala wird der thermodynamische Zustand einer Lösung nicht nur durch 

Temperatur und Zusammensetzung bestimmt, sondern auch durch räumliche Einschränkungen 

und lokale, strukturelle Heterogenitäten. Es ist daher notwendig, klassische thermodynamische 

Theorien zu erweitern, um nanoskalige Effekte – insbesondere jene, die durch den Kelvin-Effekt 

und den Laplace-Druck verursacht werden – zu berücksichtigen. 

Darüber hinaus haben zahlreiche Studien die Adsorption und Bildung von Wasserfilmen auf 

Salzoberflächen vor der vollständigen Deliqueszenz beobachtet, die Rolle der Filme bei der 

gemeinsamen Deliqueszenz von Salzgemischen und bei Fest-Fest-Übergängen in Gegenwart von 

Wasserdampf ist bislang jedoch wenig untersucht. Diese Dissertation widmet sich daher zwei 

zentralen Themen: (1) dem Schmelz- und eutektischen Verhalten Mars-relevanter Salzlösungen 

(Chloride und Perchlorate) in nanoporösen Silica-Materialien und (2) dem 

Wasserdampfsorptionsverhalten von Salznanopartikeln in Nanoporen sowie von Salzgemischen 

an den Korngrenzflächen unter Verwendung experimenteller Untersuchungen und 

thermodynamischer Modellierung. 

Die Ergebnisse der durchgeführten experimentellen Untersuchungen zeigen, dass sowohl 

Schmelzpunkte als auch eutektische Temperaturen in Nanoporen systematisch niedriger sind als 

in Bulk-Lösungen und mit abnehmender Porengröße weiter abnehmen. Interessanterweise 

wurden in den untersuchten verdünnten Lösungen keine eutektischen Übergänge beobachtet, 

was vermutlich auf eine Anreicherung von Ionen in der nicht gefrierenden Grenzschicht 

zurückzuführen ist, wodurch die Kristallisation des Salzes und eutektische Übergänge im Inneren 

der Pore verhindert werden. Ähnlich wie bei reinem Wasser verschwinden Phasenübergänge 

erster Ordnung, wie Gefrieren oder Salzkristallisation, unterhalb einer kritischen Porengröße. 

Das Pitzer-Ionenwechselwirkungsmodell wurde durch Einbindung der Kelvin-Gleichung und des 

Laplace-Drucks auf nanoskalige Systeme erweitert. Die modellierten Schmelzpunkte und 

eutektischen Temperaturen stimmen gut mit den experimentellen Daten überein, wenn 

geeignete Werte für die Grenzflächenenergie zwischen Kristall und Flüssigkeit (cl) verwendet 
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werden. Die Simulationen deuten zudem darauf hin, dass der Laplace-Druck einen stärkeren 

Einfluss auf das Löslichkeitsgleichgewicht hat als auf das Schmelzen von Eis, bedingt durch die 

größere Volumenänderung, die mit dem Auflösen von Salzen einhergeht. 

Gleichzeitig zeigten die durchgeführten Messungen der Deliqueszenzfeuchten von 

Salznanopartikeln in Nanoporen eine deutliche Abnahme der Deliqueszenzfeuchte mit 

abnehmender Porengröße. Ein typischer Wasserdampfsorptionsprozess verläuft in drei 

Schritten: Deliqueszenz innerhalb der Pore, durch Krümmung getriebene Porenfüllung und 

Verdünnung der Lösung. Darüber hinaus wurde beobachtet, dass die gemeinsame Deliqueszenz 

von Salzgemischen bei einer niedrigeren relativen Luftfeuchtigkeit als die jeweiligen 

Deliqueszenzfeuchten der Einzelkomponenten durch die Bildung adsorbierter Wasserfilme an 

den Korngrenzen initiiert wird. Diese Wasserfilme fördern auch Fest-Fest-Phaseumwandlungen 

zwischen metastabilen und stabilen Salzpaaren, wie es für das quaternäre reziproke System NaCl 

 KNO₃ → KCl  NaNO₃ gezeigt ist. Zudem konnte die Deliqueszenz von Calciumchlorid bereits 

bei 18.5 %, also deutlich unterhalb der DRH von 29.5% der thermodynamisch stabilen Phase 

(CaCl₂·6H₂O) beobachtet und auf die Bildung einer metastabilen Hydratphase β-CaCl₂·4H₂O 

zurückgeführt werden. 

Zusammenfassend beleuchtet diese Dissertation das multiskalare Phasenverhalten von 

Salzlösungen in nanokonfinierter Umgebung, indem sie experimentelle Nachweise und 

thermodynamische Einblicke in eutektisches Schmelzen, Deliqueszenz und Wasserfilmbildung 

liefert. Die Ergebnisse tragen zu einem besseren Verständnis des Phasenverhaltens wässriger 

Lösungen unter marsähnlichen sowie unter atmosphärischen Bedingungen bei und bieten einen 

Rahmen für die Modellierung von Phasengleichgewichten in nanoskaligen Systemen.  
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Abstract 

The phase behavior of aqueous salt systems plays a crucial role in both natural environments and 

industrial applications. Significant deviations from bulk behavior have been observed when these 

systems are confined in the nanoscale, including the depression of melting temperatures and 

deliquescence relative humidities (DRH). These phenomena challenge our classic understanding 

of phase transitions among water vapor, aqueous solution, ice and salts, key processes relevant 

to brine formation in Martian regolith and the hygroscopic properties of atmospheric aerosols. At 

the nanoscale, the thermodynamic state of a solution is governed not only by temperature and 

composition, but also by spatial confinement and local structural heterogeneities. Furthermore, 

numerous studies have demonstrated the adsorption and evolution of water film on the salt 

crystal surface prior to compete deliquescence, but its role in the mutual deliquescence of salt 

mixtures and in solid−solid transition upon exposure to water vapor is lacking. Therefore, this 

dissertation primarily addresses two core topics: (1) the melting and eutectic behavior of Mars-

relevant salt solutions (chlorides and perchlorates) confined in nanoporous silica, and (2) the 

water vapor sorption properties of confined salt nanoparticles and salt mixtures, from the 

perspectives of experimental investigation and thermodynamic modeling. 

The calorimeter measurement results on pure water and electrolyte solutions (NaCl, MgCl2, CaCl2, 

NaClO4, Mg(ClO4)2, Ca(ClO4)2, (NH4)2SO4) in nanopores reveal that both melting and eutectic 

temperatures are consistently lower than in bulk solutions, and decrease further with smaller 

pore size. Notably, eutectic transitions were not observed in dilute solutions for any of the 

systems studied, likely due to ion accumulation in the interfacial non-freezing layer, which 

inhibits salt crystallization and eutectic transition within the pore core. Similar to pure water, it 

was observed that first-order phase transitions such as freezing and salt crystallization disappear 

below a critical pore size. The Pitzer ion-interaction model was extended to nanoscale systems 

by incorporating both the Kelvin equation and the Laplace pressure. The modeled melting and 

eutectic points agree well with the experimental data when appropriate values of crystal−liquid 

interfacial energies (cl) are applied.  

In addition, the water vapor sorption experiments conducted at 25 °C revealed that DRH of the 

investigated salts (KCl, MgCl2·6H2O, CaCl2·nH2O, NaClO4·H2O, Mg(ClO4)2·6H2O, Ca(ClO4)2·4H2O) in 

porous silicas show a clear decrease of the values with reducing pore size. A typical water vapor 

sorption process of the confined salt nanoparticle involves three steps: deliquescence within the 

pore, curvature-driven pore filling, and dilution of the bulk solution. Additionally, the water vapor 

sorption isotherms showed that the mutual deliquescence of salt mixtures occur at lower relative 

humidity (RH) than the DRH of any individual component. Further environmental scanning 
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electron microscope (ESEM) observations indicated that this process is initiated by the formation 

of adsorbed water film at grain interfaces. These films also facilitate solid−solid transformations 

between metastable and stable salt pairs, as demonstrated by the quaternary reciprocal system 

NaCl  KNO3 → KCl  NaNO3, as confirmed by Raman spectroscopy. Moreover, water vapor 

sorption and Raman data indicated early deliquescence of calcium chloride hydrate at 18.5% RH 

at 25 °C, below the 29.5% of the thermodynamically stable phase DRH (CaCl2·6H2O), due to 

formation of the metastable β−CaCl2·4H2O phase. This transition is enabled by its structural 

similarity to CaCl2·2H2O. 

In summary, this dissertation elucidates the multi-scale phase behavior of salt solutions in 

confinement, providing experimental evidence and thermodynamic insights into eutectic melting, 

deliquescence, and water film formation. These findings contribute to a deeper understanding of 

phase behavior of aqueous solution under Mars-like and atmospheric conditions and offer a 

framework for modeling phase equilibria in nanoscale environments. 
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Chapter 1. Introduction 

Water, due to its unique fundamental properties (Gallo et al., 2016), ubiquity on earth 

(Hanslmeier, 2010) and wide-ranging industrial applications (Mauer and Taylor, 2010; Qian et 

al., 2020), is one of the most intensively studied substances. Its diverse phase behaviors and 

interactions with dissolved electrolytes are encountered in numerous practical contexts and have 

attracted many attentions. Notable examples include water harvesting from air (Kim et al., 2017; 

Kim et al., 2018; Tu et al., 2018; Li et al., 2023), deliquescence of mineral aerosols (Tang et al., 

2016), and hydrothermal mineralization (Ruiz−Agudo et al., 2014).  

The excellent mobility and solvation capacity of water enable it to act as both solvent and reaction 

medium in natural and biological systems. Nearly all vital biological processes are facilitated by 

water, either as solvent or as catalyst. Consequently, liquid water is a prerequisite for life, making 

it a focal point in planetary science and deep space exploration. On Mars, where the average 

surface temperature is approximately −70 °C and the atmosphere is predominantly composed of 

CO2, water has been detected in the form of polar ice, icy soil, and hydrated salts (Stillman and 

Grimm, 2011; Jakosky, 2021). Whether liquid water can persist in such a cold and arid 

environment remains an open question. The presence of solutes significantly alters the structure 

and properties of water. Dissolved ions disturb the tetrahedral hydrogen bond network of pure 

water, leading to notable changes in its physical and chemical characteristics, including freezing 

point depression and vapor pressure lowering, collectively known as the salt effect. The discovery 

of chlorides and perchlorates in Martian soil by the Pathfinder spacecraft and Phoenix rover 

suggests the possibility of stable liquid brines, as these salts are highly hygroscopic and 

substantially lower the freezing point of water (Wänke et al., 2001; Hecht, 2009). Beyond Mars, 

ice−brine equilibria are also relevant to other icy worlds, such as Enceladus moon and certain 

cold regions on earth (Starinsky et al., 2003; Collins et al., 2007; Spencer et al., 2013; Glein et al., 

2015). On earth, for instance, calcium chloride is widely used as a de−icing agent for snow and ice 

in winter (Akin et al., 2013), and the freeze−thaw cycles of permafrost significantly influence local 

hydrology, infrastructure development, and agriculture (Dai et al., 2019; Wang et al., 2023a). 

Apart from the ice−brine equilibria, another critical process is the transformation between water 

vapor and liquid or brine phases, which is driven by fluctuations in atmospheric temperature and 

humidity. This transformation plays a crucial role in climate change, the water cycle, and has 

broad implications for the environment and human society. For instance, water uptake and 

deliquescence of mineral aerosols are key steps in cloud nucleation and also contribute to the 

production of free radicals (Tang et al., 2016; Wei et al., 2020; Bellouin and Yu, 2022; Dyson et al., 

2023). In daily life, phenomena such as the caking and agglomeration of salt grains in kitchen salt 
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(Li et al., 2016a; Mauer and Taylor, 2010) and the salt crystallization damage in cultural heritage 

materials (Steiger, 2005) are also largely governed by vapor−liquid phase transitions. 

These water−mediated transformations are not limited to open systems, but are also prevalent 

in nanoconfined space, such as in nanoporous materials used for water harvesting (Li et al., 2023), 

deliquescent aerosol nanoparticles (Lin et al., 2021), porous soil, and biological tissues (Guiné et 

al., 2014). The thermodynamic behavior of water in confined systems, particular in porous silica, 

has been widely studied. Key properties under confinement include the structure of adsorbed 

water layers (Rother et al., 2022), depression of the melting point (Jähnert et al., 2008), ice 

stability (Dore, 2000), dielectric constant (Fumagalli et al., 2018), and viscosity (Raviv et al., 

2001). The prevailing consensus is that confined water exhibits markedly different properties 

from bulk water, with systematical shifts in phase boundaries such as freezing point and vapor 

pressure, an effect known as confinement effect. However, in realistic scenarios like aerosol 

nanoparticles, permafrost, powder agglomeration, it is the aqueous solution containing various 

solutes rather than the pure water that should be deeply examined. Despite the importance of 

these systems, only limited studies have examined the phase behavior and thermodynamic 

properties of confined aqueous solutions (Meissner et al., 2016; Jantsch et al., 2019), and a 

comprehensive understanding has yet to be reached. While confinement clearly influences these 

systems, solution properties also strongly depend on the solute type and concentration. 

Given the prevalence of nanoscale salt solution in diverse environments, ranging from Martian 

soil and aerosol particles to salt grain interfaces, it is crucial to systematically investigate their 

phase behavior, particular the transitions between gas, liquid, and solid phase. This dissertation 

focuses on the effect of nanoconfinement on the melting points of salt solutions and deliquescence 

relative humidity (DRH) of salt particles. Special attention is also given to the role of interfacial 

water films in initiating mutual deliquescence and solid−solid transformation in salt mixtures 

upon exposure to water vapor. These investigations offer deeper insights into the formation of 

liquid brine on the Martian surface and mineralogical evolution via water films under cryogenic 

environments. Furthermore, by integrating thermodynamic modeling and nanoscale melting 

points and DRH data, the interfacial energy between liquid and crystalline phases can be 

quantitatively evaluated. 
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Chapter 2. Theory 

2.1 Martian water chemistry 

2.1.1 Remote sensing detection  

Mars has long been considered the most Earth−like planet in the solar system, owing to its 

comparable rotation period, elemental composition, and the presence of a planetary magnetic 

field (Taylor, 2011). The discovery of water in both polar regions and in the atmosphere of Mars 

has intensified interest in the planet’s potential habitability and its suitability for future human 

colonization. However, despite these discoveries, the existence of liquid water on the Martian 

surface remains uncertain, primarily due to the planet’s extremely low surface temperature and 

atmospheric water vapor pressure. Systematic exploration of Martian water began in the 1960s 

with launch of early spacecraft missions, which collected digitized data using remote sensing 

instruments and on-site analysis tools (Nazari-Sharabian et al., 2020). These missions provided 

strong evidence for the presence of extensive polar ice caps (Jakosky and Haberle, 1992; Titus et 

al., 2003; Bibring et al., 2004; European Space Agency, 2004; Ojha et al., 2015) and trace amounts 

of water vapor in the Martian atmosphere (Farmer et al., 1977; Smith, 2002). These findings 

initiate decades of investigation into the Martian water cycle and the potential presence of 

transient or a stable liquid water phase. The hypothesis that ancient Mars experienced significant 

hydrogeologic activity, such as lakes, paleo oceans, and large outflow channels like Kasei Valles, 

is supported by geomorphological evidence (Newsom et al., 1996; Head III et al., 1999; Weitz et 

al., 2010; Cabrol and Grin, 1999, 2010), the discovery of layered sedimentary deposits (Malin and 

Edgett, 2000, 2001, 2003; Malin et al., 2006), and the elemental fractionation of certain key 

species (Dohm et al., 2009). In addition to ice and water vapor, water molecules are also believed 

to be stored in the crystalline structure of hydrated minerals (Mustard et al., 2008). 

In addition to the identification of water ice and atmospheric water vapor, compelling evidence 

for the possible existence of liquid water on Mars has emerged from both visual observation and 

in-situ measurements. Notably, images captured by the Phoenix’s Robotic Arm Camera aboard 

the Phoenix lander revealed the formation of spheroidal particles on one of the lander leg struts. 

These particles were observed to grow over time, and their temporal development closely 

matched fluctuations in near−surface humidity recorded by onboard sensors. Based on this 

correlation, Rennó et al. (2009) proposed that the particles were droplets of deliquescent brine, 

formed via the hygroscopic uptake of atmospheric water by perchlorates or similar salts (Rennó 

et al., 2009). Further support for the transient presence of liquid water comes from thermal and 

dielectric permittivity data obtained by the Thermal and Electrical Conductivity Probe (TECP) on 
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Phoenix lander. During the Martian daytime, the dielectric permittivity of the surrounding 

regolith exhibited noticeable increases, which were interpreted as indicative of the partial 

melting of salt−rich ice in the shallow subsurface. A similar dielectric anomaly was reported using 

low-frequency radar data from the Mars Advanced Radar for Subsurface and Ionosphere 

Sounding (MARSIS) instrument onboard the Mars Express orbiter (Orosei, 2018). Between May 

2012 and December 2015, radar reflections obtained from the southern polar region (at 

approximately 193°E, 81°S) displayed elevated permittivity values consistent with the presence 

of a subglacial brine layer.  

With the continuous explorations of Mars through successive generations of landers and rovers, 

such as Viking, Sojourner, Spirt, Opportunity, and Phoenix, an increasingly detailed 

understanding of the Martian surface composition has been established (Clark et al., 1982; Wänke 

et al., 2001; Gellert et al., 2004; Rieder et al., 2004; Hecht et al., 2009). Of particular interest is the 

identification of soluble components in Martian regolith, especially halide salts such as chlorides 

and perchlorates, making the presence of liquid water promising. These salts are of significant 

astrobiological and geophysical relevance because they can substantially depress the freezing 

point of water and lower the saturation vapor pressure, thereby facilitating the persistence of 

liquid brines under Martian surface conditions. The discovery of these hygroscopic salts has 

shifted scientific attention toward the thermodynamic behavior of cryogenic brines and their 

stability on Mars. Research efforts, combining remote sensing observation with laboratory 

simulations, have focused on the dynamic phase transitions among water vapor, brine, and 

ice−salt mixtures under Mars-relevant environmental conditions, and morphological observation. 

Key processes of interest include deliquescence and efflorescence, where salts absorb moisture 

to form liquid solution or crystallize out from solution, as well as freezing and thawing cycles. 

2.1.2 Hygroscopic behavior of Mars-relevant salts 

Gough and collaborators have conducted a series of experiments to investigate the hygroscopic 

behavior of chloride and perchlorate salts under Mars-analogous conditions, with a particular 

focus on their deliquescence and efflorescence behavior at subzero temperatures (Gough et al., 

2011, 2014, 2016, 2019; Nuding et al., 2014; Primm et al., 2017; Fernanders et al., 2022). These 

studies employed Raman spectroscopy coupled with a controlled climate chamber to determine 

the deliquescence relative humidity (DRH) and efflorescence relative humidity (ERH) for various 

salts, including NaCl, MgCl2·6H2O, CaCl2·6H2O, NaClO4·H2O, Mg(ClO4)2·6H2O, and Ca(ClO4)2·4H2O, 

over a range of low temperatures. In general, the DRH and ERH values were found to be slightly 

temperature dependent, gradually increasing at lower temperatures. A characteristic hysteresis 

between the deliquescence and efflorescence was consistently observed due to the nucleation 

barrier during crystallization. Several notable observations emerged from this body of work.  
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(1) Extremely low DRH of Ca(ClO4)2·4H2O: The lowest DRH recorded was approximately 13% 

for Ca(ClO4)2·4H2O at 273 K, which enables liquid phase formation in very arid 

environment (Nuding et al., 2014). Furthermore, brines containing Ca(ClO4)2 or Mg(ClO4)2 

were shown to persist in metastable, supersaturated states beyond conventional phase 

transition thresholds (Nuding et al., 2014; Primm et al., 2017).  

(2) Sub-eutectic deliquescence of NaClO4·H2O: Deliquescence of NaClO4·H2O was observed at 

228 K, which is below the eutectic temperature (236 K) of its aqueous solution, implying 

that supercooled brine can form through direct water vapor absorption (Gough et al., 

2011).  

(3) Spectroscopic evidence of hydrate formation: Raman spectra revealed a shift in the 

symmetric stretching vibration mode (v1) of perchlorate ion (ClO4−) position from 958 

cm−1 to 946 cm−1 (Nuding et al., 2014) and (Gough et al., 2019) at subzero temperature, 

interpreted as the formation of a novel hydrate. Similar spectral shift from 953 cm−1 to 

936 cm−1 was noted by Fisher et al. (2014). Although early interpretation suggested this 

to be an octahydrate (Pestova et al., 2005; Nuding et al., 2014), subsequent X−ray 

diffraction (XRD) confirmed it as a hexahydrate (Hennings et al., 2014). However, the 

misidentification was propagated across multiple studies, underscoring the importance 

of cross-validation with structural methods. 

(4) Mutual deliquescence in salt mixtures. The mutual deliquescence relative humidity 

(MDRH) of perchlorate/chloride mixtures was consistently lower than the DRH of their 

individual components, enhancing the brine-forming potential under Martian humidity 

conditions. Notably, the MDRH of a KClO4/KCl mixture exceeded the saturation vapor 

pressure of ice, offering further evidence of supercooled brine formation via vapor 

condensation (Gough et al., 2014).  

It should be emphasized that these DRH and ERH values do not represent true thermodynamic 

equilibrium, as the experiments involved a relatively rapid humidity change rate (1% RH per 

minute). Such conditions preclude full equilibrium in water adsorption and phase transitions. 

Nonetheless, the authors argue that this rate approximates transient humidity changes in the 

Martian near-surface environment, thereby, offering insights into plausible brine behavior on 

Mars.  

Contemporaneous with experimental investigations into deliquescence, Chevrier and colleagues 

explored the evaporation dynamics of Mars-relevant brines and examined the influence of kinetic 

factors on phase transitions between water vapor and liquid brine (Hanley et al., 2012; Chevrier 

et al., 2009, 2012; Martín-Torres et al., 2015). Their results confirmed that evaporation rates are 

highly dependent on both temperature and salt concentration, with lower temperature and 
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higher salinity leading to markedly reduced evaporation. Meanwhile, recent studies by Gough et 

al. (2023) revealed that particle size also plays a critical role in the deliquescence process, where 

smaller salt grains tend to deliquesce more readily due to their larger surface area to volume ratio. 

To quantify the thermodynamic stability of brines under Martin conditions, Chevrier and 

collaborators utilized the FREZCHEM (FREeZing Chemistry) model, an aqueous geochemical code 

based on Pitzer ion-interaction theory, to simulate phase diagrams and vapor−liquid equilibria of 

chloride and perchlorate mixtures over a wide temperature range (Chevrier et al., 2022; Slank et 

al., 2024). A key parameter in their modeling was the mutual relative humidity, which represents 

the lowest humidity at which a mixture can deliquesce into a stable brine phase. However, their 

calculated mutual deliquescence humidities often deviated significantly from experimental 

values reported by Gough et al. (2014). In some cases, FREZCHEM predicted that the mutual 

deliquescence humidity of the Mg(ClO4)2−MgCl2 system at 223 K exceeded the saturation vapor 

pressure of ice, implying that ice would be more stable than the brine under these conditions. 

This contradicts empirical data showing that the eutectic temperature of a Mg(ClO4)2 solution is 

near 210 K, well below 223 K (Chevrier et al., 2022). These inconsistencies are likely attributed 

to the limited availability of experimental thermodynamic data for binary and ternary salt 

systems during the model parametrization, resulting in its poor predictive accuracy for 

multicomponent brines. In addition to equilibrium mode, kinetic aspects of brine formation have 

also been evaluated. Fischer et al. (2014, 2016) compared the formation rate of Ca(ClO4)2 via two 

pathways at −50 °C, deliquescence through water vapor and eutectic melting through direct 

contact with ice. Their findings suggest that while relative humidity on Mars may reach levels 

conducive to deliquescence, even approaching 100% (In this Chapter, the relative humidity at 

subzero temperature, is defined as the vapor pressure relative to the saturated pressure of ice), 

the process is too slow to occur within a single diurnal cycle. In contrast, eutectic melting upon 

direct salt contact occurred rapidly and allowed the resulting brine to remain liquid for much of 

the Martian solar day, provided that sufficient ice was available to counterbalance evaporative 

loss. Thermodynamically, the chemical potential water vapor at 100% RH is equivalent to that of 

ice, indicating both should offer similar driving force to brine formation. The observed kinetic 

disparity thus points to diffusion limitation as a major constraint on deliquescence, in contrast to 

the more efficient transfer at the ice−salt interface, where direct phase exchange facilitates rapid 

liquefaction.  

2.1.3 Thermodynamic modeling and eutectic melting  

Building on the experimental findings that an ice−salt mixture offers a more viable pathway for 

brine formation on Mars (Fischer, 2014, 2016), a significant body of research has focused on the 

thermodynamics of freezing equilibria in perchlorate and chloride bearing brines. Notably, many 



Chapter 2. Theory 

7 

of the relevant binary systems had been well characterized prior to their discovery on Mars due 

to their relevance in other scientific and industrial applications (Pitzer and Oakes, 1994; Rard and 

Clegg, 1997; Rard et al., 2000; Wang et al., 1998; Archer and Carter, 2000; Pestova et al., 2005). 

However, the simultaneous presence of chlorides, sulfates, and perchlorates in the Martian 

regolith significantly increases the complexity of phase behavior in real systems. Existing binary 

and even ternary data often prove insufficient to accurately describe the thermodynamic 

properties of such multicomponent systems, especially those involving perchlorate. This 

complexity, coupled with the need for wide temperature range applicability (down to 150 K), 

pose considerable challenges for model development. To address these challenges, several 

groups have employed thermodynamics modeling approaches based on the Pitzer ion-interaction 

theory, adapted for low temperature Martian conditions (Marion et al., 2010; Steiger et al., 2011; 

Toner et al., 2015a; Li et al., 2022). Marion and colleagues (2010) incorporated perchlorate 

species into the FREZCHEM program by fitting interaction parameters for Na, Mg, and Ca 

perchlorates. Their simulation of the evaporation and freezing process, based on average wet 

chemistry data obtained from the Phoenix lander, provided initial insights into element 

partitioning and crystallization sequences. However, several limitations emerged, such as the 

absence of the Ca(ClO4)2·4H2O phase and the incorrect use of Mg(ClO4)2·8H2O instead of 

Mg(ClO4)2·6H2O. These issues likely stem from the paucity of the thermodynamic data on 

perchlorates and multicomponent interactions, leading to unverified or arbitrary ternary mixing 

parameters in the model. Recognizing these deficiencies, Toner and collaborators undertook a 

systematic experimental campaign to obtain reliable thermodynamic data on perchlorate bearing 

systems under sub-zero conditions. Their measurements encompassed solubility, eutectic 

temperatures, heat capacities, and water activities for a broad set of salts (Toner et al., 2014, 

2015a, 2016, 2017a, 2017b, 2018). While initial attempts to integrate these data into FREZCHEM 

were hampered by structural limitations, such as the model’s tendency to overestimate mean 

activity coefficients, Toner et al. eventually developed a revised Pitzer model independent of 

FREZCHEM (Toner et al., 2015a). The revised model demonstrated substantially improved 

agreement with experimental data, particularly in reproducing crystallization sequence and 

brine behavior at low temperatures. For instance, when applied to simulate brine evolution at the 

Phoenix landing site, the new model predicted a greater variety of crystalline species than 

FREZCHEM (Toner et al., 2015b). A key strength of the revised Toner model is the extensive use 

of heat capacity data to constrain the temperature dependence of the activity coefficients, 

ensuring its reliability for extrapolations to cryogenic Martian conditions (Toner et al., 2016, 

2017a, 2017b). Their investigations also revealed two important phenomena:  

(1) Solutions of Ca(ClO4)2 and Mg(ClO4)2 exhibit strong supercooling effects. These brines fail 

to crystalize even at −120 °C, instead transitioning into amorphous glassy states. Notably, 
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concentrated Ca(ClO4)2 solutions tend to vitrify unless crystals form early during cooling 

(Toner et al., 2015a).  

(2) The presence of soil modifies both the freezing point and the water activity of perchlorate 

solutions, and the deviation is also affected by the salt content. Interestingly, differential 

scanning calorimetry (DSC) experiments have shown that when Mg(ClO4)2 solutions are 

embedded in soil under low humidity conditions (RH < 50%), the freezing signal becomes 

undetectable, possibly due to the inhibited crystallization (Shumway et al., 2021, 2023).  

To extend modeling capabilities to ternary and multicomponent systems, Li et al. (2022) 

contributed additional solubility data for chloride−perchlorate mixtures and developed a 

mole−fraction based model. Their simulations suggest differential partitioning of ClO4− and Cl− 

between the solid and liquid phase during the deliquescence and efflorescence, which may 

explain the observed enrichment of perchlorates in the Mars north polar region (Li et al., 2022)  

In summary, the phase equilibria between water vapor, ice, and Mars-relevant brines under 

cryogenic conditions have been extensively investigated, with particularly significant 

contributions from Gough et al. and Toner et al. Their systematic experimental and modeling 

efforts have greatly advanced our understanding of water phase transitions, i.e. vapor to liquid, 

liquid to ice, and vice versa, under Martian environmental conditions. These studies collectively 

demonstrate that transient liquid phase is indeed thermodynamically attainable under specific 

combinations of temperature and relative humidity on Mars (Marion et al., 2010; Gough et al., 

2011; Chevrier et al., 2009; Martín−Torres et al., 2015; Toner et al., 2014). However, from a strict 

thermodynamic standpoint, the permanent existence of liquid brine remains unfavorable. 

Interestingly, the observed depression in both water activity and freezing point of Mg(ClO4)2 

solution when incorporated into regolith simulants suggests that microscale confinement created 

by soil grain interfaces can effectively expand the brine stability field. This localized effect may 

significantly enhance the potential for liquid water on the Martian surface, despite the general 

environmental hostility to persistent liquid phases.  

2.2 Water in nanoconfinement 

2.2.1 Water adsorption in confined space 

The unique behavior of water in confined environments has been recognized for centuries. Prior 

to the 17th century, the phenomenon of capillary action was already well−documented and 

investigated as a special property of water interacting with narrow tubes or porous materials 

(Boyle, 1660). Entering the 20th century, the scientific exploration of confined water advanced 

significantly with the development of vapor adsorption studies, particularly in relation to the use 



Chapter 2. Theory 

9 

of activated charcoal in gas masks for industrial and military applications. Lamb and Coolidge 

conducted some of the earliest quantitative investigations into water vapor adsorption isotherms 

of activated charcoal (Lamb and Coolidge, 1920; Coolidge, 1924). They measured the equilibrium 

vapor pressure of water adsorbed in porous carbon materials and discovered that the adsorbed 

water remained in a liquid−like state even at temperature below the freezing point. This behavior 

highlighted the influence of nanoscale confinement on the phase state of water. At that time, 

research on colloidal systems also contributed to the understanding of confined water. Studies 

from Foote and Saxton (1916, 1917) and Jones and Gortner (1932) aimed to determine the water 

content in colloidal substances using two different approaches: gravimetric loss during 

evaporation and calorimetric heat release during freezing. A consistent discrepancy was 

observed between the two methods, with the evaporative technique always yielding higher water 

content than the freezing method. This led to the hypothesis that water in colloidal systems exists 

in two different structural states, free water and bound (or capillary) water. The bound water, 

confined within fine pores or interacting with a surface, did not freeze under typical conditions, 

thereby escaping detection in calorimetric measurements (Foote and Saxton, 1916, 1917).  

2.2.2 Freezing and melting behavior of water in nanoscale confinement  

These anomalous behavior of water under nanoscale confinement has long intrigued researchers 

and prompted systematic investigations into its fundamental thermodynamic properties. One of 

the earliest efforts was carried out by Patrick and Kemper (1937) who reported a significant 

depression in the melting temperature of water confined within silica gel with calorimetric 

experiments. They interpreted the abrupt change of heat capacity as indicative of the melting 

transition, and notably, this depression was found to be independent of the cooling or heating 

rate (Patrick and Kemper, 1937). This phenomenon was later corroborated by Batchelor and 

Foster (1944) who used vapor pressure measurements across a range of temperature to detect 

phase transitions in water within the pores of silica gels. A change in the slope of the vapor 

pressure−temperature curve signified the occurrence of the liquid−solid phase transition. They 

observed that water remained in a liquid state down to −65 °C when confined within pores 

smaller than 2 nm in radius. Utilizing the Clapeyron and Kelvin equations, they derived the 

ice−water interfacial energy from the extent of melting point depression (Batchelor and Foster, 

1944). These early findings also emphasized that freezing and melting transitions in confined 

water are gradual process, not abrupt, competitive events (Patrick and Kemper, 1937; Hodgson 

and Mclntosh, 1960). Subsequent work by Antoniou (1964) analyzed the shape of thermal signals 

and apparent heat capacities to distinguish between bulk−like water in the pore center and 

nonfreezing adsorbed water near the pore walls. He estimated that the adsorbed nonfreezing 

water corresponds to approximately three molecular layers, based on the enthalpy of 
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transformation. Moreover, the melting temperature was shown to correlate with pore size, as 

described by the Clausius−Clapeyron and Kelvin equations. The thermal melting peak shape of 

confined water closely resembled the pore size distribution profile (Antoniou, 1964). Litvan 

(1966) quantitatively investigated the role of adsorbed water layer in porous silica and found 

that phase transitions were not detectable when the water coverage was below 1.6 layers. Similar 

findings were reported by Rennie and Clifford (1977) who observed that thermal signal 

disappeared in DSC measurements when only 5% of the pore volume was filled, approximately 

equivalent to three monolayers. The coexistence of bulk-like water and adsorbed water has also 

been confirmed by nuclear magnetic resonance (NMR), which differentiates water molecules 

based on the proton relaxation times (Pearson and Derbyshire, 1973; Rennie and Clifford, 1977). 

Pearson and Derbyshire (1973) found that below −120 °C, molecular mobility stabilized, and 

while rapid exchange occurred among adsorbed molecules, exchange between adsorbed and 

bulk−like water was significantly slower. Overloop and Vangerven (1993) further examined the 

structure and quantity of nonfreezing water, estimating a layer thickness 2.5−3.0 monolayers. 

This interfacial water was shown to differ structurally from both bulk water and ice. They also 

proposed that water molecule clusters may form during early stages of water vapor adsorption 

before full surface coverage is achieved. Findenegg and colleagues conducted detailed DSC 

studies on the freezing and melting of water in porous silica, often observing melting curves with 

three or four peaks. Two of these were attributed to confined and bulk ice melting, while others 

were linked to transitions in the interfacial layer (Schreiber et al., 2001). By applying the 

Gibbs−Thomson equation:𝑇୮ − 𝑇଴ = − ଶ× బ்×ౙౢ×௏ౣ ,౭

∆ౣு×(௥౦ି௧)
, where Tp and T0 denotes the ice melting 

temperature in the pore and in bulk, cl is the interfacial energy of ice and water, Vm,w is the molar 

volume of water, rp is the radius of pore, t is the thickness of the non-freezing layer, and ΔmH is 

the melting enthalpy, they successfully described the relationship between pore size and melting 

points, estimating a nonfreezing layer thickness of 0.6 nm. (Findenegg et al., 2008; Jähnert et al., 

2008). A particular important observation was the disappearance of first−order phase transitions 

in pores smaller than 2.5 nm (Jähnert et al., 2008). Both freezing and melting enthalpies 

diminished as pore size decreased, vanishing near this critical diameter. This was interpreted as 

a consequence of increased structural disorder in confined ice and enhanced short−range order 

in liquid water, which reduced the free energy difference between two phases and eliminated the 

latent heat (Seyed−Yazdi et al., 2008; Findenegg et al., 2008). Interestingly, despite the absence 

of thermal signals in DSC, NMR studies still detected freezing in 2.5 nm pores, suggesting that a 

larger fraction of molecules in the interfacial layer may skew NMR results toward an ice−like 

signal (Jähnert et al., 2008).  
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Morishige and co-workers conducted a comprehensive investigation on the freezing−melting 

hysteresis of water confined in MCM−41 mesoporous materials (Morishige and Nobuoka, 1997; 

Morishige and Kawano, 1999; Morishige and Uematsu, 2005). Their results demonstrated that 

the hysteresis becomes negligibly small as pore size decreases, and the crystalline phase formed 

within these confined environments is cubic ice (ice Ic), rather than the common hexagonal 

structure (ice Ih) (Morishige and Nobuoka, 1997; Morishige and Kawano, 1999). Further analysis 

revealed that cubic ice originates from nanoscale crystallites of hexagonal ice that contain 

numerous stacking faults. As these defective crystallites grow, they undergo structural 

rearrangement that favors the formation of the cubic ice (Morishige and Uematsu, 2005). Beyond 

ice formation, inelastic neutron scattering measurements have provided insight into the 

structural characteristics of confined water. These studies showed that the structure of confined 

water more closely resembles that of amorphous ice than crystalline ice (Kittaka et al., 2013; Liu 

et al., 2006). Erko et al. (2011) performed Raman spectroscopy experiments on water in porous 

MCM-41 and SBA-15 silica with pore diameters ranging from 2.0 to 8.9 nm. By analyzing the 

temperature dependent OH stretching spectral region, they identified a confinement induced 

structural transition. In the weakest confinement condition (8.9 nm), the spectral fingerprint of 

pore water closely matched that of bulk ice. In contrast, under strong confinement (2.0 nm), the 

spectral profile resembles that of low−density amorphous ice. Their finding suggests a continuous 

structural evolution of confined water from bulk−like ice to amorphous−like states as the pore 

diameter decreases (Erko et al., 2011).  

2.2.3 Phase behavior of salt solution in nanoconfinement  

Subsequent studies extend the investigation of phase transitions into aqueous salt solution 

confined within nanoporous materials. Similar to pure water, a significant depression in the 

freezing and melting points of ice is observed in confined salt solution. These phase transition 

temperatures are influenced not only by the pore size, but also by the salt concentration. 

Interestingly, DSC measurements consistently failed to detected eutectic transition in dilute 

solutions, regardless of the salt type (Aristov et al., 1997; Burba and Janzen, 2015; Koniorczyk 

and Bednarska, 2019; Jantsch et al., 2019). Koniorczyk and Bednarska (2019) attributed this to 

the minuscule amount of liquid water still present at the eutectic temperature in dilute NaCl 

solutions, leading to an undetectable thermal signal. Prause et al. (2020) further demonstrated 

that eutectic transition in concentrated solution only appeared when the pores were overfilled, 

and was absent in partially or just filled pores. This was interpreted as a manifestation of glass 

transition rather than crystallization under strong supercooling. Jantsch et al. (2019) 

systematically examined the phase transitions of CaCl2 and LiCl solutions in MCM-41 and SBA-15 

silica with pore radii ranging from 1.9 nm to 11.1 nm. They found that melting temperature 
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decreases with both decreasing pore size and salt molality. Notably, in the smallest pores, the 

melting temperature converged to that of pure water, regardless of salt concentration. This 

behavior is explained by the exclusion of ions from the pore interior, resulting in pure water 

confinement. To interpret these findings, Jantsch et al. proposed a new variable termed the 

‘‘effective water activity’’, which integrates the influence of pressure, solute, and confinement. 

They supposed that the depression of the melting point under various conditions can be unified 

under the concept of reduced water activity. Accordingly, if two systems exhibit identical melting 

temperatures, their effective water activities can be considered equivalent, irrespective of the 

underlying cause, pressure, salinity, or confinement. Based on this, they developed an empirical 

relationship linking melting point depression to effective water activity. For salt solutions in 

confinement, the total water activity was modelled as the product of the bulk solution water 

activity and that of pure water in the same confined geometry. This framework yielded good 

agreement with experimental melting point data for CaCl2 and LiCl solutions (Jantsch et al., 2019). 

Although this approach lacks rigorous thermodynamic justification, it offers valuable insight into 

the melting behavior of ice in diverse environments. In another study, Meissner et al. (2016) 

investigated the pore size dependent phase transitions of alkali halide solution using DSC. Their 

results indicate that eutectic temperature depression depends not only on pore diameter but also 

on specific salt type. To explain the salt dependent variation, they introduced the concept of 

secondary confinement. During eutectic freezing, salt precipitates as nanocrystal near the pore 

wall, effectively reducing the accessible pore volume. This localized decrease in effective pore size 

imposes an additional suppression on the ice melting point. The extent of this secondary 

confinement is influenced by the number and morphology of salt nanocrystals, resulting in a salt 

specific signature in eutectic temperature depression. By modifying the Gibbs−Thomson 

equation to account for the reduced effective pore diameter (excluding the nanocrystal volume), 

they achieved strong agreement between their theoretical predictions and both their own 

measurements and those in the literature (Meissner et al., 2016).  

One of the primary limitations of the secondary confinement theory proposed by Meissner et al. 

is its failure to account for cases where the depression of the eutectic temperature in confinement 

is lower than for pure water, such as in KCl and RbCl solutions. While the secondary confinement 

hypothesis explains the enhanced melting point depression by considering salt nanocrystal 

formation near pore walls, it cannot be generalized to all systems. Notably, the eutectic transition 

is the simultaneous crystallization of ice and salt, rather than a sequential event initiated by salt 

crystallization that subsequently constrains pore volume. Another important consideration is the 

eutectic concentration at the eutectic point in confined versus bulk systems. Meissner et al. 

assumed that the eutectic concentration remains unchanged between these environments due to 

equilibrium established by ion diffusion. However, thermodynamic modeling by Liu et al. (2016) 
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challenges this assumption, demonstrating that confinement can significantly alter the eutectic 

concentration due to interfacial energy effects. Their model which integrates the Gibbs−Thomson 

and Ostwald−Freundlich equations, captures the combined influence of crystal size of ice and 

solute on the phase equilibria. Since the eutectic point corresponds to the intersection of the 

freezing curve of pure water and the solubility curve of salt, its position in confined systems is 

governed by the relative depression of these curves. The extent of this depression is primarily 

determined by the interfacial energy between each crystal phase (ice or salt) and solution. When 

the ice−solution and salt−solution interfacial energies are equal, both liquidus lines shift by the 

same magnitude, and the eutectic concentration remains constant. Conversely, if the ice−solution 

interfacial energy is greater, the water freezing line shifts further than the salt solubility line, 

resulting in reduced eutectic concentration in confinement, and vice versa. Further insight was 

provided by Malfait et al. (2020), who examined the melting behavior of glycerol−water mixtures 

in mesoporous silica (Malfait et al., 2020). By combining experimental DSC data with an extended 

cryogenic model and the Gibbs−Thomson equation, they derived the effective water activity of 

confined solutions. In their study, the melting points in the smallest pore (rp =1.8 nm) showed no 

dependence on the bulk water molar fraction, suggesting that the water activity of the confined 

solution deviates from that of the bulk solution with same composition. This discrepancy was 

attributed to local concentration heterogeneities at the nanoscale, which cannot be adequately 

captured by bulk−averaged parameters. The authors proposed that microphase separation 

within nanoconfined systems may lead to unconventional and non−ideal phase behavior, 

particularly under strong confinement (Malfait et al., 2020). 

In addition to the transformation of an aqueous solution to crystalline phases, vitrification 

behavior under nanoconfinement have also been extensively investigated. For instance, the 

glassy transition temperature of LiCl solutions remains largely unaffected within nanopores. 

However, the concentration range over which vitrification occurs is notably broadened 

(Longinotti et al., 2019). In contrast, NaCl, typically a poor glass former requiring high pressure 

for vitrification, exhibits pronounced glass transition under confinement, with both the transition 

temperature and concentration range influenced by pore size (Zhao et al., 2016). This behavior is 

likely due to the Laplace pressure induced by the curved liquid interface nanodroplet, mimicking 

the thermodynamic effect of externally applied pressure in a bulk system.  

The deliquescence and water uptake behavior of confined salt particles have also been studied 

and show marked deviations from bulk behavior (Aristov et al., 1996a, 1996b; Tokarev and 

Aristov, 1997; Cheng et al., 2015; Talreja−Muthreja et al., 2022). In particular, NaCl exhibits 

opposite shifts in DRH depending on the physical state of the salt: a shift to higher RH for NaCl 

nanoparticles and a shift to lower RH for NaCl crystals confined within porous media (Cheng et 
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al., 2015; Talreja−Muthreja et al., 2022). These differences arise from two main confinement 

aspects: (1) water vapor pressure depression governed by the Kelvin effect, and (2) the solubility 

modulation due to crystal size and Laplace pressure. Unlike capillary condensation of pure water, 

which requires a supersaturated vapor environment, the presence of salt in confinement 

eliminates the nucleation barrier for the liquid phase formation, thereby facilitating 

deliquescence under lower humidity conditions (Talreja−Muthreja et al., 2022).  

Beyond phase equilibria, various other properties of confined solutions have attracted attention, 

including ice nucleation, ion distribution, and nanoscopic structural organization (Argyris et al., 

2010; Barati Farimani and Aluru, 2016; Wang et al., 2023b; Lin et al., 2024). Notably, ions tend to 

accumulate near the pore walls, resulting in a heterogenous radial distribution within the 

confined solution (Argyris et al., 2010). This behavior parallels that observed in electrical double 

layers between bulk electrolytes and charged surfaces (Lima et al., 2008). At the nanoscale, the 

contribution of this interfacial layer becomes increasingly significant due to its enhanced relative 

volume, and may be harnessed in emerging technologies such as desalination and enhanced oil 

recovery (Wang et al., 2018; Fang et al., 2021). 

In summary, nanoconfinement induces profound shifts in the phase equilibria of water and 

aqueous solutions, affecting transitions among gas, liquid, and solid states. These deviations arise 

from enhanced interfacial interaction and altered thermodynamic conditions at the nanoscale. 

Importantly, the observed depression in the ice melting point and salt DRH under confinement 

supports the potential for stable brine phases on the Martian surface, contributing to our 

understanding of extraterrestrial aqueous environments.  

2.3 Interfacial water 

2.3.1 Water adsorption on the NaCl crystal surface  

Following previous discussions of water vapor adsorption onto pore walls and the associated 

freezing behaviors in Section 2.2, this section focuses on the properties of adsorbed water films 

on crystal surfaces. Since the mid-20th century, the water adsorption on NaCl surfaces has 

attracted significant attention due to its impact on various chemical and physical properties of 

the crystal, such as ductility and electrical conductivity (Otterson, 1963; May and Jayne, 1966). 

The phenomenon of water adsorption was first reported inadvertently by Craig and Mcintosh 

(1952), who observed that NaCl particles lost specific surface area exposure to moist air. They 

attributed this change to particle sintering, which they proposed occurs through a 

dissolution−recrystallization process facilitated by an adsorbed water film (Craig and Mclntosh, 

1952; Papée and Laidler, 1958). Subsequent studies provided molecular-level insight into the 
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nature of the adsorbed water. Price and co-workers, using Infrared spectroscopy, demonstrated 

that water molecules are adsorbed on cesium halide surfaces via hydrogen bonding, in particular, 

with surface anions (Price et al., 1958). Based on this, Lad (1968) quantified the amount of 

adsorbed water and specific surface area of NaCl grains, proposing a molecular model wherein a 

single water molecule bridges two chloride ion sites through its hydrogen atoms. Barraclough 

and Hall (1974) further characterized the adsorption process by measuring the isosteric heat of 

water adsorption, which was found to be close to the enthalpy of water condensation, indicating 

a strong interaction between water and crystal surface. Complementing this thermodynamic 

perspective, Hucher et al. (1967) analyzed the superficial conductivity of NaCl crystals and 

proposed a three-stage adsorption process: initial physisorption of water onto the crystal surface, 

hydration of the surface Na+ by adsorbed water molecules, and, eventually, dissolution of the 

crystal lattice. 

2.3.2 Microscopic and spectroscopic investigation of the water adsorption 

Since the 1990s, the structure of adsorbed water films and their interaction with crystal surfaces 

have been extensively investigated using a variety of surface−sensitive spectroscopic techniques, 

including infrared spectroscopy (IR), ultraviolet photoemission spectroscopy (UPS), X−ray 

photoelectron spectroscopy (XPS), and electron energy loss spectroscopy (EELS) (Fölsch and 

Henzler, 1991; Peters and Ewing, 1997a). Atomic force microscopy (AFM) and its advanced 

derivatives have also been introduced as powerful tools in this field (Dai et al., 1997). In parallel, 

molecular simulation has been increasingly integrated with experimental approaches to explore 

the dynamics of water adsorption at the molecular level. Wassermann et al. (1993) demonstrated 

through molecular simulations that, as the surface coverage approaches approximately 0.5 

monolayer, the intermolecular interactions among water molecules become stronger than the 

interaction with the NaCl substrate. At bilayer coverage, a two-dimensional ice-like structure 

emerges and is found to be energetically stable. These structural configurations were supported 

by the optical second harmonic measurement and low-energy electron diffraction patterns. Using 

infrared spectroscopy, Peters and Ewing (1997a, 1997b) characterized the nature of the 

adsorbed water film on a NaCl surface. They proposed that the thin water film exhibits a liquid-

like behavior as evidenced by the isotropic molecular orientation and an adsorption enthalpy 

comparable to that of water condensation. By numerically integrating the spectrum over the OH-

stretching frequency range (2950−3800 cm−1), the surface water coverage could be quantitatively 

assessed. At low RH, isolated water molecules adsorb with their oxygen atoms facing the Na+ ions 

and oriented perpendicular to the surface. In this region, repulsive dipole interactions prevent 

hydrogen bonding between neighboring molecules. As the surface coverage increases and 

reaches a monolayer, additional water molecules are forced to adsorbed at adjacent sites. When 
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the film thickens to two layers, occasional incorporation of ions from surface detects into the 

water film has been observed (Peters and Ewing, 1997b; Foster and Ewing, 2000). Notably, the 

infrared spectra of the bilayer water film closely resemble those of a 5 m NaCl solution, suggesting 

that the adsorbed film behaves as a saturated brine film. Below two layers coverage, the OH-

stretching bands (2950−3800 cm−1) shift to lower frequencies as the film grows, indicating 

enhanced hydrogen bonding among water molecules and reduced interactions with the substrate. 

Above two layers coverage, the band center stabilizes, indicating the transition to a bulk-like 

liquid film (Peters and Ewing, 1997a; Foster and Ewing, 2000). AFM and XPS measurements 

further corroborate a three-stage adsorption−deliquescence process (Dai et al., 1997; Bruzewicz 

et al., 2011; Verdaguer et al., 2005, 2008; Lin et al., 2021). These studies reveal that a complete 

monolayer coverage of the NaCl crystal surface is achieved at approximately 35% RH, beyond 

which ion solvation becomes evident (Dai et al., 1997; Verdaguer et al., 2008). A marked 

acceleration in water uptake occurs beyond 65% RH, transitioning from layer-by-layer growth to 

a rapid increase in film thickness at the nanometer scale (Bruzewicz et al., 2011). In summary, 

the evolution of water adsorption on a NaCl crystal surface can be delineated into three distinct 

regimes based on relative humidity. Below 35 % RH, water molecules adsorb in isolation. 

Between 35% and 65% RH, a complete monolayer forms and ion solvation initiates. Above 65% 

RH, the adsorbed water film behaves like a saturated solution, with enhanced ion mobility and 

exponentially increasing adsorption rates. 

2.3.3 Electrical characterization of the water film  

The formation of an adsorbed water film not only initiates the deliquescence of an anhydrous salt, 

such as NaCl, but also contributes to the formation of salt hydrates. Research conducted by the 

group of Huinink suggests that salt hydration proceeds through a dissolution−crystallization 

mechanism, wherein the lower hydrate dissolves into the interfacial water film and subsequently 

recrystallizes as a higher hydrate (Sögütoglu et al., 2019, 2021). This hypothesis is further 

supported by conductivity measurement of compacted salt grains (Houben et al., 2022). In 

particular, the conductivity of a K2CO3 tablet was observed to increases with rising relative 

humidity, with a marked change occurring just below the equilibrium humidity of hydration and 

formation of K2CO3·1.5H2O. This abrupt transition was attributed to the formation of a water film 

at the grain boundaries, enhancing ion mobility within film. In environments with fluctuating 

humidity, these water films may also promote powder caking (Craig and Mclntosh, 1952; Chen et 

al., 2018). Under humid conditions, soluble substances partially dissolve into the interfacial water 

films between the grains. When the environment dries, water evaporation leads to salt 

crystallization, forming salt bridges that bind particles together, an effect commonly observed in 

powder technology and food science (Chen et al., 2018). Similarly, Salameh and Mauer proposed 
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that capillary condensation of water at the contact points between crystals can trigger mutual 

deliquescence in binary mixtures at relative humidities lower than the deliquescence point of the 

individual components (Salameh and Taylor, 2005; Salameh et al., 2006; Mauer, 2022). Though 

the direct observation of such interfacial water film remains challenging, their presence offers a 

physically plausible explanation for these phenomena.  

Artemov et al. (2020) constructed a porous structure by compacting single crystalline diamond 

particles, with pore radii ranging from 2–200 nm as the particle size varied from 5–500 nm. The 

pore channels of the compacted tablets were saturated with water, and the conductivity of the 

confined water was measured using broadband dielectric spectroscopy. Their results revealed 

that the conductivity of confined and interfacial water initially increases with decreasing pore 

size, reaching a maximum at approximately 2 nm, and then declines as pores become narrower. 

Confined water was proposed to comprise two components: an interfacial layer and the bulk−like 

water occupying the pore core. The enhanced conductivity was attributed to the high proton 

mobility in the interfacial water, with the peak conductivity reaching 0.02 S/cm, five orders of 

magnitude higher than that of bulk water. Experimental data fitting indicated that the interfacial 

layer has a thickness of approximately 1 nm. When the pore size drops below 2 nm, the 

overlapping of opposing interfacial layers results in reduced conductivity, likely due to the 

confinement effect of both pore walls. Before this, Fumagalli et al. (2018) had developed a 

precisely defined slit−like nanochannel using hexagonal boron nitride (hBN) and graphite, 

enabling direct measurement of the dielectric constant of confined water within such channels. 

Their observations reach a good agreement even with different methods, providing further 

evidence for the distinctive behavior of interfacial water under nanoconfinement.  

2.3.3 Premelting water layers on the ice surface 

The liquid−like interfacial water film on the surface of ice is another key aspect of confined water 

research (Kuo et al., 2011; Slater and Michaelides, 2019). The structure and properties of this 

nonfreezing layer have been extensively characterized using X−ray diffraction (Lied et al., 1994; 

Suter et al., 2006), AFM (Döppenschmidt and Butt, 2000), various spectroscopic methods 

(Materer et al., 1995; Wei et al., 2001), and molecular dynamic (MD) simulation (Nada and van 

der Eerden, 2003; Conde et al., 2008). The thickness of this premelting layer varies from a 

monolayer to several tens of nanometer, depending on temperature from −100 °C to near the ice 

melting point (Bartels−Rausch et al., 2014). Recent cryogenic AFM study showed that the ice 

surface begins to exhibit structural disorder starting around 120 K, suggesting that premelting 

initiates at crystal detect sites (Hong et al., 2024). Likewise, the stability of monolayer water film 

on salt crystal surface has been investigated. For NaCl, terrace dissolution begins approximately 

145 K (Chen et al., 2014; Peng et al., 2017), which is higher than the onset of premelting on pure 
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ice surface, yet significantly lower than the eutectic temperature of bulk NaCl solution. This 

observation offers insight into eutectic melting at atomic scale. Analogous to mutual 

deliquescence in salt mixtures, the eutectic melting in ice−salt systems is likely initiated by the 

formation of interfacial water film between the ice and salt crystals. 

2.4 Water at low temperature 

2.4.1 Anomalous properties of the supercooled water and solution 

Given that one of the key contexts of this dissertation is the phase equilibrium among salt, ice, 

aqueous solution, and water vapor in the cryogenic Martian environment, it is essential to 

introduce the anomalous thermodynamic behavior of water with varying temperature. Unlike 

most liquid, whose thermodynamic properties such as density, heat capacity, thermal expansion 

coefficient, and isothermal compressibility change monotonically with temperature, water 

exhibits unique and non−monotonic behavior. One prominent example is the density maximum 

at 4 °C, which underlies the well−known phenomenon of ice floating on liquid water (Gallo et al., 

2016). This anomaly is generally attributed to the rearrangement of hydrogen bonding networks 

among water molecules (Speedy and Angell, 1976; Debenedetti and Stanley, 2003; Huang et al., 

2009). Over the years, several hypotheses have been proposed over to explain this anomalous 

behavior (Speedy, 1982; Poole et al., 1992; Poole et al., 1994; Sastry et al., 1996). Despite 

differences in their proposed phase diagrams for metastable water at low temperatures, a 

common theme is the existence of two distinct liquid states: low−density liquid water (LDL) and 

high−density liquid water (HDL) (Soper and Ricci, 2000). Among these models, the second critical 

point scenario postulates the existence of liquid−liquid critical point (LLCP), which is considered 

the origin of many of water’s anomalies (Mishima and Stanley, 1998; Sciortino et al., 2003). 

Extending this framework, Poole and collaborators applied molecular dynamic simulations to 

supercooled salt solution, and found that LLCP behavior can also exist in salt solutions such as 

LiCl, NaCl, and NaClO4. Interestingly, the LLCP in these systems are located at higher temperatures 

and lower pressures compared to pure water, implying that the presence of ions shifts the 

critically region while preserving the essential physics (Corradini et al., 2010; Corradini and Gallo, 

2011; Perin and Gallo, 2023; La Francesca and Gallo, 2023)  

The multi−temperature equilibria of the water and salt system often extend to temperatures well 

below the freezing point of pure water, for example, to as low as −50 °C in the case of CaCl2 

solution. However, the extension of the ice−liquid water equilibrium to lower temperatures is 

thermodynamically constrained by the heat capacities of both ice and liquid water (Murphy and 

Koop, 2005). Due to the limitations imposed by ice nucleation, the heat capacity of water can only 

be measured down to a certain temperature. Current experimental and simulation studies 
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indicate that water’s heat capacities increase with decreasing temperature until it reaches a 

maximum around 228 K, after which it begins to decline (Pathak et al., 2021; Caupin and Anisimov, 

2019). No experimental heat capacity data exist below 228 K due to the of supercooling limit of 

existing techniques. To model the temperature dependence of equilibria involving ice and 

supercooled salt solution, it is necessary to extrapolate heat capacity of water beyond the 

measurable range.  However, such extrapolation is inherently uncertain because of the complex 

and anomalous behavior of water in the deeply supercooled region. The specific heat capacity of 

aqueous salt solution is further influenced by both temperature and salt concentration. At low 

concentrations, it typically increases with decreasing temperature, whereas at high 

concentrations, it decreases monotonically (Toner et al., 2016; Toner et al., 2017a; Toner et al., 

2017b). Solutes significant alter the structure and thermodynamic properties of water, and their 

influence becomes more pronounced in concentrated solutions. As a result, there is currently no 

consensus on the functional form of water heat capacity in aqueous solution. Researchers 

therefore adopt different empirical expressions when constructing ion−interaction models to 

calculate salt−ice phase equilibria (Clegg and Brimblecombe, 1995; Murphy and Koop, 2005; 

Toner et al., 2015b; Li et al., 2022). The lack of consistency and the empiric nature of these 

extrapolations can introduce significant uncertainties in modeling low−temperature systems. 

Nevertheless, in the absence of further experimental data, no superior alternative currently exists.  

2.4.2 Glassy transitions of water and salt solutions 

In addition to ordinary water freezing and salt crystallization upon cooling, aqueous electrolyte 

solutions can undergo vitrification, a transition to glassy phase, which has been extensively 

studied for pure water (Angell and Sare, 1970; Angell, 2002; Ediger et al., 1996). The glass 

transition temperature of salt solutions is typically higher than that of pure water, and this 

difference increases with salt concentration (Angell and Sare, 1970). Mars-relevant brines, such 

as Ca(ClO4)2 and Mg(ClO4)2 solutions, are particularly effective glass formers at low temperatures 

(Tu et al., 2019). While most salt solutions vitrify only under rapid cooling, these perchlorate 

solutions do not crystalize even under slow cooling. Instead, they form amorphous phases at 

temperatures as low as −120 °C (Toner et al., 2014). According to the in-situ X-ray diffraction and 

Raman spectroscopy analysis, Tu et al. attributed this unusual phase behavior to ion pair 

formation and its temperature and concentration dependent dynamics. The strong hydration of 

the cations (Ca2+ or Mg2+) sequesters free water molecules within the hydration shells, inhibiting 

ice nucleation. Meanwhile, the large anions disrupt the local tetrahedral hydrogen-bonded 

structure of water, further depressing the freezing. Additionally, their study found a close 

correspondence between the deliquescence relative humidity of various salts and the eutectic 

temperatures of their solutions (Tu et al., 2019). This correlation is explained by the shared 
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underlying factor: low water activity, resulting from strong ion−water interactions, which 

simultaneously lowers both eutectic temperature and deliquescence humidity.  

2.4.3 Eutectic transition of ice−salt mixture 

The eutectic point represents the lowest temperature at which a salt solution can remain in the 

liquid state. Therefore, eutectic transitions are expected to be common on the Martian surface 

wherever brine formation occurs. In a simplified binary phase diagram, the eutectic point 

corresponds to the intersection of the water freezing curve and the salt dissolution curve, as 

illustrated in Fig. 2−1. It reflects the convergence of two triple phase equilibria: 

ice−solution−water vapor and salt−solution−water vapor. Consequently, eutectic melting is a 

coupled process involving the simultaneous melting of ice and dissolution of salt crystals, as well 

as the deliquescence of salt through water vapor uptake. This transformation is likely facilitated 

by the formation of an interfacial water film, either through the premelting of ice or the 

adsorption of water vapor onto the salt surface. The water film acts as a medium for ion 

dissolution, forming a thin brine layer that exhibits reduced water activity. This decrease in water 

activity plays a crucial role in determining both the melting point of ice and the condensation 

pressure of water vapor (Chen et al., 2014; Peng et al., 2017; Peters and Ewing, 1997a). From a 

thermodynamic standpoint, it is difficult to definitively distinguish whether melting or 

deliquescence primarily governs the transformation from solid and gas phase to liquid phase. 

However, experimental investigations involving Ca(ClO4)2 in the presence of ice and water vapor 

suggest that melting is kinetically favored during the formation of liquid brine (Fischer et al., 2014, 

2016). 

 
Figure 2−1. Typical binary phase diagram salt solution (in this case for CaCl2·6H2O). 
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2.5 Thermodynamic modeling 

2.5.1 Pitzer model 

The Pitzer model is widely applied in the solutions phase equilibrium studies due to its proven 

accuracy across broad temperature and concentration ranges (Pitzer and Oakes, 1994; Toner et 

al., 2015b). In this dissertation, the thermodynamic properties of a bulk system, such as water 

activity and the activity coefficient of the solute are modelled through Pitzer theory. The 

equations of the molality-based ion interaction Pitzer model are presented as follows: 

Pitzer model equations: The water activity of an electrolyte solution is defined as: 

 ln𝑎୵ = − ቀ థ
௠౭

ቁ ∑ 𝑚௜௜  (2−1) 

where  is the osmotic coefficient, mw is the molality of water (55.50844 mol·kg–1), mi is the 

molality of ion i and the sum covers all solute species. Thus, for a single electrolyte solution we 

obtain: 

 ln𝑎୵ = − 𝜙𝜈𝑚/𝑚୵ (2−2) 

where  is the total number of ions formed by complete dissociation of the electrolyte (  2 in 

the case of NaCl and   3 in the case of CaCl2). In the Pitzer approach the equation for the osmotic 

coefficient of an electrolyte MX consisting of M positive ions of charge zM and X negative ions of 

charge zX is: 

 (𝜙 − 1) = |z୑𝑧ଡ଼|𝑓థ + 2(𝜈୑𝜈ଡ଼/𝜈)𝑚𝐵MX
థ + 2(𝜈୑𝜈ଡ଼)ଷ/ଶ/𝜈𝑚ଶ𝐶MX

థ  (2−3) 

In the case of NaCl, M     X  zM  1 and zX   1; in the case of CaCl2, M     1, X  zM  2 and zX   1. In 

equation (2−3) the Debye−Hückel term, f, for the osmotic coefficient is defined as: 

 𝑓థ = −𝐴థ
ூభ/మ

൫ଵା௕ூభ/మ൯
  (2−4) 

where A is the Debye−Hückel parameter for the osmotic coefficient, b is a constant 

(b = 1.2 kg1/2·mol–1/2) and the ionic strength I is given by: 

 𝐼 = ଵ
ଶ

∑ 𝑚௜𝑧௜
ଶ

௜   (2−5) 

Thus, in the case of NaCl, I    m, and for CaCl2, I   3 m. The second virial coefficient 𝐵MX
థ  is ionic 

strength dependent and is defined as: 

 𝐵MX
థ = 𝛽MX

(଴) + 𝛽MX
(ଵ) 𝑒𝑥𝑝൫−𝛼ଵ𝐼ଵ/ଶ൯ + 𝛽MX

(ଶ) 𝑒𝑥𝑝൫−𝛼ଶ𝐼ଵ/ଶ൯ + 𝛽MX
(ଷ) 𝑒𝑥𝑝൫−𝛼ଷ𝐼ଵ/ଶ൯  (2−6) 
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where 𝛽MX
(଴) , 𝛽MX

(ଵ) , 𝛽MX
(ଶ) , 𝛽MX

(ଷ)  and 𝐶MX
థ  are solute-specific interaction parameters for a binary 

aqueous solution. In the original equations values of α1 = 2 kg1/2·mol–1/2 and α2 = 12 kg1/2·mol–1/2 

are fixed and the latter is only used for 2−2 electrolytes such as CaSO4(aq) to avoid the explicit 

treatment of association equilibria. In the extended set of equations used here (Steiger et al., 

2008a), individual values of 𝛼MX
(௜)  are assigned to each electrolyte and the terms in 𝛼MX

(ଶ), 𝛽MX
(ଶ) and 

𝛼MX
(ଷ), 𝛽MX

(ଷ) are also used for other charge types. In the treatment of CaCl2(aq), it turned out that 

both parameters 𝛽MX
(ଶ) and 𝛽MX

(ଷ) were required to represent the properties of highly concentrated 

solutions over the full temperature range. In the treatment of NaCl(aq), the only additional 

parameter was 𝛽MX
(ଶ), 𝛽MX

(ଷ) was not required. 

The mean activity coefficient ± of a single electrolyte in the ion interaction approach is given by 

 ln𝛾± = |𝑧୑𝑧ଡ଼|𝑓ఊ + 2(𝜈୑𝜈ଡ଼/𝜈)𝑚𝐵MX
ఊ + 2(𝜈୑𝜈ଡ଼)ଷ/ଶ/𝜈𝑚ଶ𝐶MX

ఊ   (2−7) 

where 𝐶MX
ఊ = 3/2𝐶MX

థ  and 𝐵MX
ఊ = 𝐵MX + 𝐵MX

థ  with 

 𝐵MX = 𝛽MX
(଴) + 𝛽MX

(ଵ)𝑔൫𝛼ଵ, 𝐼ଵ/ଶ൯ + 𝛽MX
(ଶ)𝑔൫𝛼ଶ, 𝐼ଵ/ଶ൯ + 𝛽MX

(ଷ)𝑔൫𝛼ଷ, 𝐼ଵ/ଶ൯  (2−8) 

and 

 𝑔൫𝛼௜𝐼ଵ/ଶ൯ = ଶ

൫ఈ೔ூభ/మ൯
మ ൣ1 − (1 + 𝛼௜𝐼ଵ/ଶ) 𝑒𝑥𝑝( − 𝛼௜𝐼ଵ/ଶ)൧ (2−9) 

The Debye−Hückel term f for the activity coefficient is defined as: 

 𝑓ఊ = −𝐴థ ൤ ூభ/మ

൫ଵା௕ூభ/మ൯
+ ቀଶ

௕
ቁ ln൫1 + 𝑏𝐼ଵ/ଶ൯൨ (2−10) 

Using the ion interaction equations to calculate the thermodynamic properties of aqueous 

solutions of single salts requires values of the ion interaction parameters 𝛽MX
(଴), 𝛽MX

(ଵ), 𝛽MX
(ଶ), 𝛽MX

(ଷ) and 

𝐶MX
థ  which have to be determined from experimental data. The temperature dependence of the 

interaction parameters P is obtained from experimental data at different temperatures and is 

expressed by  

 𝑃(𝑇) = 𝑞ଵ + 𝑞ଶ(1/𝑇 − 1/𝑇 ) + 𝑞ଷ ln( 𝑇/𝑇 ) + 𝑞ସ(𝑇 − 𝑇 ) + 𝑞ହ(𝑇ଶ − 𝑇ଶ) (2–11) 

Phase equilibria: For a salt hydrate consisting of M cations, X anions and n molecules of water, 

the reaction describing equilibrium between the crystalline solid and its saturated solution is 

 𝑀ν౉𝑋ν౔ ⋅ 𝑛HଶO(cr) ⇌ 𝜈୑𝑀௭ା(aq) + 𝜈ଡ଼𝑋௭ି(aq) + 𝑛HଶO(l) (2−12) 
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In the case of a hydrated solid with n molecules of hydration water, the equilibrium constant of 

the dissolution reaction, i.e. the thermodynamic solubility product, is thus given by: 

 ln𝐾୬ = 𝜈୑ ln𝑚୑ + 𝜈ଡ଼ ln𝑚ଡ଼ + 𝜈୑ ln𝛾୑ + 𝜈ଡ଼ ln𝛾ଡ଼ + 𝑛ln𝑎୵ (2−13) 

where mM, mX, M and X represent the saturation molalities and activity coefficients of cations M 

and anions X, respectively, and aw is the water activity in the saturated solution. 

At equilibrium, neglecting the very minor influence of the non-ideal behavior of water vapor, the 

water activity aw of an aqueous solution is given by: 

 𝑎୵ = 𝑝 𝑝୵,଴⁄ = RH (2−14) 

where pw is the water vapor pressure above the salt solution and pw,0 is the saturation vapor 

pressure of pure water. At equilibrium, the water activity equals the relative humidity, RH, and 

the water activity of a saturated solution equals the deliquescence humidity (DRH) of the 

crystalline solid. This is the relative humidity at which the crystalline salt and its saturated 

solution are at equilibrium. 

Once, the parameters of the ion interaction equations are known, the values of the thermody-

namic solubility product (the equilibrium constant of the dissolution reaction) can be calculated 

from experimental solubility data using Equation (2–13) and the temperature dependence of the 

logarithmic solubility products can be represented using Equation (2–11).  

Additional phase equilibria include the dehydration or decomposition reactions 

 𝑀ν౉𝑋ν౔ ⋅ 𝑛஺HଶO(cr) ⇌ 𝑀ν౉𝑋ν౔ ⋅ 𝑛஻HଶO(cr) + (𝑛୅ − 𝑛୆)HଶO(g) (2−15) 

where subscripts A and B refer to the different hydrated forms of a solid. The equilibrium con-

stant KAB for the dehydration reaction is given by: 

 𝐾AB = 𝑝୵,୅୆ 𝑝୵
°⁄  (2−16) 

where pw,AB refers to the equilibrium water vapor partial pressure of the hydration–dehydration 

equilibrium. KAB is also related to the solubility products of the two solids: 

 ln𝐾୬ా = ln𝐾୬ఽ − (𝑛୅ − 𝑛୆) ln𝐾AB (2−17) 

The Pitzer parameters for KCl(aq), MgCl2(aq) and (NH4)2SO4(aq) were taken from, Steiger et al., 

(2008a), Steiger et al. (2011) and Talreja-Muthreja and Steiger (2025), respectively. The 

parameters for CaCl2(aq) and NaCl(aq) are presented in Sections A1 and A2, respectively. The 

model parameters for the binary NaClO4–H2O system were taken from the molality-based model 
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of Toner et al. (2016). For the binary alkaline earth perchlorate systems Mg(ClO4)2–H2O and 

Ca(ClO4)2–H2O the mole fraction based models of Li et al. (2022) were used. 

2.5.2 In confinement 

In confinement, the melting point depression of pure ice is commonly described by the 

Gibbs−Thomson equation: 

 𝛥𝑇 = (2𝑇଴cl𝑉m,s) (𝛥୫𝐻൫𝑟୮ − 𝑡൯)⁄  (2–18) 

where 𝑇଴  is the melting temperature of bulk ice (273.15 K), ୡ୪  is the solid−liquid interfacial 

energy, Vm,s is the molar volume of solid ice, mH is the melting enthalpy of ice, rp is the pore radius, 

and t is the thickness of the non-freezable layer. 

However, the Gibbs−Thomson equation is not able to accurately describe the melting behavior of 

salt solution, as the melting temperature is influenced not only by the pore size but also the solute 

concentration governing the water activity. To address this limitation, Liu et al. (2017) proposed 

a hybrid model that combines the Ostwald−Freundlich and Gibbs−Thomson equations to better 

predict the phase behavior of confined glycerol solution. In nanopores, the temperature 

depression of the ice melting point is primarily attributed to the increased importance of the 

curvature of the solid−liquid interface. The solid−solution and the liquid−vapor interfaces are 

schematically illustrated in Fig. 2–2 for both unsaturated and fully saturated conditions within 

pores. 

 
Figure 2−2. Schematic illustration of the solid−liquid interface of confined solution and crystal. (a): 
saturated pore; (b): partial pore filling. 

In the calorimeter measurements carried out in this dissertation, the nanoporous silica was 

completely saturated with solution, and excess bulk solution exists outside the pores, as 

illustrated Fig. 2−2a. While the confined solution initially forms a flat interface with the adjacent 

bulk solution, this interface will become unstable upon crystallization during freezing. As a result, 

the geometry shifts and the initial melt in the nanopore forms a concave interface similar to that 

shown in Fig. 2−2b. Thermodynamically, the main difference between the two conditions 

illustrated in Fig. 2−2 lies in the presence or absence of a curved liquid−vapor interface, which 

results in a pressure drop. In this study, we compare phase equilibrium shifts under both 

scenarios: one considering the solute effect described by Pitzer theory, the Kelvin effect, and the 
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Laplace pressure induced by the curved solution−vapor interface, in the following referred to as 

the PKL model (Pitzer theory, Kelvin effect, and Laplace pressure), and, second, neglecting 

Laplace pressure, marked as PK model (Pitzer theory and Kelvin effect).  

In the over-filled pore, as shown in Fig. 2−2a, the chemical potential of an ice nanocrystal with a 

hemispherical solid−liquid interface is modified by an additional interfacial energy term: 

 𝜇୧ୡୣ,௥ =  𝜇୧ୡୣ,ஶ +  ୡ୪ 2𝑉୫,୵ 𝑟ୡ⁄  (2−19) 

Where 𝜇୧ୡୣ,௥  and 𝜇୧ୡୣ,ஶ are the chemical potentials of an ice nanocrystal and the bulk crystal, 

respectively, ୡ୪ is the interfacial energy of the ice–solution interface, 𝑉୫,୵ is the partial molar 

volume of ice, and 𝑟ୡ is the radius of the nanocrystal, which is assumed to be isotropic. It is worth 

mentioning that the nanocrystal radius is not exactly equivalent to the pore radius due to the 

presence of a solution film between the ice and the pore wall (Desarnaud, 2016). In our 

calculation, we adopted a film thickness t = 0.6 nm, which is consistent with the typical thickness 

of the non-freezing water layer at the ice−silica interface. 

If the pore is not fully saturated with solution, as shown in Fig. 2−2b, the liquid−vapor interface 

forms a concave meniscus. For complete wetting (θ = 0°), which is assumed for the aqueous 

solution in silica materials, the Laplace pressure is given by: 

 ∆𝑝 =  𝑝୪ −  𝑝ୟ = 2𝛾୪୴/𝑟୪୴ (2−20) 

where 𝑝୪ and 𝑝ୟ are pressure in the liquid and the ambient pressure, respectively, and lv is the 

liquid−vapor interfacial energy. 𝑟୪୴ is the radius of the curvature of the liquid−vapor interface, 

calculated as the pore radius minus the thickness of the non-freezing layer (rp − t). 

The influence of Laplace pressure on the chemical potential of ice is given by: 

 𝜇୧ୡୣ,୰ =  𝜇୧ୡୣ,ஶ − ∆௏ഥ°
ୖ்

∆𝑝 + ∆௄ഥ°
ଶୖ்

(∆𝑝)ଶ (2−21) 

Where R is the universal gas constant, T is the absolute temperature, and ∆𝑝  is the Laplace 

pressure. ∆𝑉ത° and ∆𝐾ഥ° are the changes in molar volume and molar compressibility, respectively, 

during the melting process. Considering the small deviations between the standard pressure and 

that in the confinement, its influence on compressibility is very small and was neglected in this 

model. 

By combining the Equations (2−19) and (2−21), the chemical potential of ice in the partially−filled 

nanopores can be expressed as: 

 𝜇୧ୡୣ,୰ = 𝜇୧ୡୣ,ஶ +  𝛾ୡ୪,୧ୡୣ
ଶ௏ౣ ,ౙ

௥ౙౢ
− ∆௏ഥ°

ୖ்
∆𝑝 +  ∆௄ഥ°

ଶୖ்
(∆𝑝)ଶ (2−22) 
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The chemical potential of bulk water is given by  

 𝜇୵ୟ୲ୣ୰ =  𝜇୵ୟ୲ୣ୰,ஶ
° + R𝑇ln𝑎୵ (2−23) 

Where 𝜇୵ୟ୲ୣ୰,ஶ
°  is the standard chemical potential of bulk water and 𝑎୵ is the water activity of 

the salt solution. The melting equilibrium of ice in the PKL model can be calculated combining 

Equations (2−22) and (2−23), whereas in PK model, it is determined by Equations (2−19) and 

(2−23). 

For the equilibrium between a salt nanocrystal and the surrounding solution, both the curvature 

effect and pressure shift influence solubility. For a spherical solid, the solubility product is 

corrected using the Ostwald−Freundlich equation (Steiger, 2005) 

 ln𝐾୰
° =  ln𝐾ஶ

° + ୡ୪ (2𝑉୫,ୡ) (R𝑇𝑟ୡ)⁄  (2−24) 

where ln𝐾௥
° and ln𝐾ஶ

°  are the thermodynamic solubility products at standard pressure (0.1 MPa) 

for the nanocrystal with radius of rc and the bulk crystal, respectively; ୡ୪ is the crystal–solution 

interfacial energy, 𝑉୫,ୡ  is the molar volume of the crystal, and 𝑟ୡ =  𝑟୮ − 𝑡  accounts for the 

exclusion of the solution film (thickness t) from the crystal radius.  

The pressure dependence of the solubility product of the bulk crystal is described by Millero 

(1982): 

 ln𝐾ஶ
௣ =  ln𝐾ஶ

° − ∆௏ഥ°
ୖ்

∆𝑝 + ∆௄ഥ°
ଶୖ்

(∆𝑝)ଶ  (2−25) 

where ln𝐾ஶ
௣  and ln𝐾ஶ

°  are the solubility product of the bulk crystal at 0.1 MPa and at elevated 

pressure p. Similar with the ice melting in the pore, the compressibility change in the dissolution 

process is neglected. 

By combining Equations (2−24) and (2−25), the solubility product of a nanocrystal in an 

unsaturated pore under pressure p is given by 

 ln𝐾୰
௣ =  ln𝐾ஶ

° +  ୡ୪
ଶ௏ౣ ,ౙ
ୖ்௥ౙ

− ∆௏ഥ°
ୖ்

∆𝑝 + ∆௄ഥ°
ଶୖ்

(∆𝑝)ଶ (2−26) 

The solubility equilibrium in PKL model can be calculated using Equation (2−26), whereas in PK 

model, it is determined by Equation (2−24). 

The chemical potential of water vapor (𝜇୥) and of liquid water (𝜇୪) in the confined solution are 

given by: 

 𝜇୥ =  𝜇୥
° + R𝑇ln (𝑝୵ 𝑝°⁄ ) (2−27) 
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 𝜇୪ =  𝜇୪,ஶ
° + 2୪୴𝑉ത୵ (𝑟୪୴R𝑇)⁄ + R𝑇ln𝑎୵ (2−28) 

Where 𝜇୥
°  and 𝜇୪,ஶ

°  are the standard potentials of water vapor and pure liquid water, respectively 

at 𝑝° = 0.1 MPa. 

Combining Equations (2−27) and (2−28), the relative vapor pressure of an aqueous solution in a 

nanopore can be expressed by 

 ln (𝑝୵ 𝑝୵,ୱୟ୲⁄ ) =  2୪୴𝑉ത୵ (𝑟୪୴R𝑇)⁄ + ln𝑎୵ (2−29) 

The deliquescence equilibrium in PKL model can be calculated combining Equations (2−26) and 

(2−29), whereas in PK model, it is determined by Equations (2−24) and (2−29). 

According to Equations (2−22), (2−26), and (2−29), the crystal−solution interfacial energy cl, 

surface tension lv, and the ΔVm° are primary factors influencing the equilibrium shift in the pores 

at a given size. The interfacial energy between ice and water (cl) has been extensively studied 

with various methods, including measurements of ice crystal growth rates, observations of 

grain−boundary grooves shape, analysis of supercooling behavior, and deductions based on ice 

nucleation theory (Fernandez and Barduhn, 1967; Ketcham and Hobbs, 1969; Coriell et al., 1971; 

Jones, 1973; Hardy, 1977; Hillig, 1998). These studies suggest that cl decreases with temperature, 

a trend also observed for other materials (Jian et al., 2012; Němec, 2013; Baidakov et al., 2013). 

In aqueous system, this decline reflects the increased formation of tetrahedral water cluster in 

the supercooling region.  

In contrast, the interfacial energy between ice and salt solutions (cl) has been less thoroughly 

investigated, though it is generally predicted to be higher than that of pure ice−water due to the 

increased structure disparity between the liquid and ice phase. Apart from the temperature,  cl 

is also affected by the crystal size at the nanoscale, typically increasing as crystal size decreases 

(Jiang and Lu, 2008). In the experiments of this dissertation, melting at low temperatures occur 

exclusively in nanopores, where melting temperature correlates closely with pore size. This 

suggests that both positive and negative effects on cl, caused respectively by reduced crystal size 

and lower temperature act simultaneously over the temperature range studied, complicating the 

determination of the temperature dependence of cl. Thus far, the quantitative relationship 

between interfacial energy and variables such as temperature, crystal size, and solution 

composition remain unresolved. The variation in molality of saturated solutions also affect the 

interfacial energy at the ice−solution or salt−solution boundary. This effect arises from the 

structural divergence in the interfacial region, resulting from the change in ion hydration, water 

orientation, and local ordering at the salt−solution interface. Consequently, a constant value of cl 
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(covering the interfacial energies between ice−water, ice−solution, and salt−solution) is assumed 

in the present calculations, which is regarded as an approximation due to the lack of reliable data.  

2.5.3 Confinement effect on the ice melting and solubility equilibrium 

According to the previous introduction, the origin of confinement effects on solubility arises from 

two primary contributions, the influence of Laplace pressure and the crystal size on the solubility. 

Due to the concave curvature of the confined liquid−gas interface, the negative Laplace pressure 

in the nanopores decreases the chemical potential of the solid, resulting in a salting−out effect 

that tends to lower solubility. On the contrary, the crystal−solution interfacial energy term 

increases the chemical potential of the solid phase, leading to the considerably salting−in effect 

that enhances solubility. The net influence on solubility depends on which of these two opposing 

effects predominates for a given system. For NaCl, the influence of Kelvin effect and Laplace 

pressure on solubility was quantified using the PKL model as a function of pore size. As 

demonstrated in Fig. 2−3, the salting−out effect arising from negative Laplace pressure becomes 

increasingly pronounced as pore size decreases, as indicated by the filled orange circles. In 

contrast, the crystal size effect exhibits a more complex dependence: it is not only controlled by 

the pore size but also highly sensitive to crystal−solution interfacial energy (cl). The green and 

red squares show the variations of cl in affecting the solubility changes in confinement. The net 

influence of Kelvin effect and Laplace pressure leads to a reduction in NaCl solubility (red circle) 

when the interfacial energy cl is 20 mJ·m−2 (red square). However, when cl is increased to 75 

mJ·m−2 (green square), the salting−in effect becomes dominant, leading to the net increase in 

solubility (green circles). This behavior highlights the sensitivity of confined solubility equilibria 

to cl. Talreja−Muthreja et al. (2022) analyzed the cl for the NaCl−solution interface by 

interpreting experimental deliquescence relative humidities (DRH) of NaCl nanocrystals. They 

reported a range of cl values from 25.6−88 mJ·m−2 at 25 °C. This broad variability underscores 

the challenge in precisely determining cl due to the scarcity of direct measurements. 

 
Figure 2−3. Influence of crystal size, Laplace pressure, and crystal−solution interfacial energy (cl) on the 
solubility of NaCl at 25 °C in nanopore.
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Chapter 3. Motivation and Tasks 

This dissertation aims to investigate the lowest temperatures and relative humidities under 

which Mars-relevant salt brines can remain stable, with particular focus on chlorides and 

perchlorates. In addition, the freezing and melting behavior of common atmospheric aerosol 

solutions, such as sodium chloride and ammonium sulfate, under nanoconfinement is analyzed to 

gain insight into the interactions between water and nanoscale aerosol particles. Furthermore, 

the ubiquitous water films at the surface or interface of grains, generated by capillary 

condensation or water molecule adsorption, play a crucial role in the phase transitions of salts or 

their mixtures, including processes such as hydration, caking, and mutual deliquescence. To 

explore these phenomena, two quaternary reciprocal systems (Na+−K+−Cl−−NO3−//H2O and 

Na+−NH4+−Cl−−SO42−//H2O) are studied, with particular emphasis on the formation and evolution 

of solution films during phase transitions.  

 
Figure 3−1. The phase equilibria among the water vapor, solution, and crystalline phase. 

Overall, the phase transitions of electrolyte solutions, as illustrated in Fig. 3−1, and their 

anomalous behavior under nanoconfinement (in nanoporous silica) is systematically investigated 

using calorimetry, water vapor sorption analysis, Raman spectroscopy, and environmental 

scanning electron microscopy (ESEM). The experimental objectives of each Chapter are 

summarized as follows. 

Chapter 4: This Chapter presents a detailed account of the synthesis and characterization of the 

porous materials, MCM-41 and SBA-15. It also outlines the experimental techniques and 

parameters applied throughout in this dissertation. 
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Chapter 5: An anomalously low DRH (18.5% at 25 °C) for CaCl2·nH2O, significantly lower than 

the widely accepted value of 28.5%, was reported in some literature studies. To elucidate this 

anomaly, water vapor sorption and Raman spectroscopy are employed to identify the 

corresponding solid phase associated with the 18.5% DRH and to explore the underlying 

mechanism behind this metastable transition. 

Chapter 6: In order to interpret the absence of eutectic transitions in confined dilute solutions, it 

is proposed that ion accumulation in interfacial nonfreezing layers near the pore walls leads to 

the ion scarcity in the pore core, thus, inhibiting salt crystallization and eutectic transitions. A 

series of calorimetric experiments to systematically investigate the effects of salt concentration, 

pore size, and pore filling degree, which are the factors determining the ion content within pores, 

on the appearance of eutectic transitions under confinement are presented.  

Chapter 7: The freezing and melting process of Mars-relevant salt solutions (NaCl, MgCl2, CaCl2, 

NaClO4, Mg(ClO4)2, and Ca(ClO4)2) and of (NH4)2SO4 solutions with atmospheric relevance in SBA-

15 and MCM-41 nanopores are investigated calorimetrically. The effects of salt concentration on 

melting points and the influence of pore size on the depression of the melting and eutectic points 

under nanoconfinement are analyzed. The absence of first-order phase transitions in smaller 

pores are also discussed. In addition, the DRHs of Mars-relevant salts (KCl, CaCl2·nH2O, 

MgCl2·6H2O, Ca(ClO4)2·4H2O, Mg(ClO4)2·6H2O, NaClO4·H2O) under nanoconfinement measured 

using water vapor sorption at 25 °C are presented. The influence of pore size on the DRHs and 

water vapor sorption isotherms of SBA-15−KCl composites is analyzed. 

Chapter 8: A thermodynamic model combining Pitzer theory, Kelvin equation, and Laplace 

pressure is employed to simulate the phase equilibria of salt solutions within nanoconfinement. 

The model predicts key properties, including the melting temperature of ice, the eutectic melting 

temperature of ice−salt mixtures, and the DRHs of salt crystals within nanoporous silica. 

Interfacial energies of ice−solution and salt−solution are derived from the experimental melting 

temperature data, and their influence on the phase equilibria is analyzed. Finally, the model’s 

limitations, which is caused by uncertainties in extrapolated thermodynamic properties at low 

temperature and supersaturation, are critically evaluated.    

Chapter 9: Water film formed by adsorption or capillary condensation on salt particle surfaces 

are thought to initiate the deliquescence of NaCl. In this Chapter, the mutual deliquescence of a 

NaCl−KCl mixture is investigated via water vapor sorption and ESEM observations. It is proposed 

that water film formation at the contact points of two crystals facilitates mutual deliquescence at 

humidities lower than the DRHs of the individual salts. Moreover, the role of water films in the 

transformation from the metastable NaNO3−KCl salt pair to the stable NaCl−KNO3 pair within the 

Na+−Cl−−K+−NO3−//H2O quaternary reciprocal system as explored using water vapor sorption, in-
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situ Raman spectroscopy, and ESEM are presented. Additionally, the behavior of an analogous 

atmospheric aerosol system Na+−NH4+−Cl−−SO42−//H2O examined with water vapor sorption 

analysis is reported. 

Chapter 10. Several conclusions regarding the phase behavior of aqueous electrolytes under 

nanoconfinement, as well as critical role of interfacial water films during phase transition, will be 

drawn. In addition, the potential applications of these process in various fields, such as planetary 

science and atmospheric chemistry, are discussed. 
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Chapter 4. Materials and Methods 

This Chapter provides a brief overview of the materials and primary experimental techniques 

employed in this dissertation. The salts used in all experiments were obtained from commercial 

sources and used as received, without further purifications. In contrast, the mesoporous silicas, 

MCM-41 and SBA-15, are synthesized in the laboratory according to established protocols 

reported in the literature.  

4.1 Materials 

The salts used in all experimental investigations, including the calorimetry, water vapor sorption 

analysis, and Raman spectroscopy are summarized in Table 4−1.  

Table 4−1. Commercial salts used in this dissertation. 

Material Purity Source 

NaCl > 99.5% Roth 

KCl > 99.5% Roth 

NH4Cl > 99.8% Merck 

MgCl2·6H2O > 99% Roth 

CaCl2·2H2O > 99% Merck 

CaCl2·6H2O > 98% Roth 

NaClO4 > 98% Sigma 

Mg(ClO4)2·6H2O > 99.5% Sigma 

Ca(ClO4)2·4H2O > 99% Sigma 

NaNO3 > 99.5% Roth 

KNO3 > 99.5% Roth 

Na2SO4 > 99% Roth 

(NH4)2SO4 > 99.5% Merck 

 

SBA-15 was synthesized following the method reported by Zhao et al. (1998). In a typical 

synthesis, 6.4 g of the triblock copolymer Pluronic P-123 (EO20PO70EO20, Mw = 5800, Aldrich) was 

dissolved in a solution containing 38 g of HCl (37 wt%, VWR International) and 194 g of deionized 

water. The solution was stirred until it became homogeneous and transparent. Subsequently, 13.8 
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g of tetraethoxysilane (TEOS, Aldrich) was added as the silica precursor, and the mixture was 

stirred vigorously for 24 hours at 35 °C. The resulting milky suspension was then subjected to 

hydrothermal treatment at a temperature ranging from 60 to 140 °C for a duration between 24 

and 48 hours.  

Preparation of mesostructured cellular foam (MCF) and larger-pore SBA-15 (d > 10nm) was 

conducted following a similar procedure, differing only by the addition of a swelling agent (n-

hexane, 1,3,5-trimethylbenzene, or 3,3′,5,5′-Tetramethylbenzidine, TMB) to the solution after P-

123 dissolution. After cooling to room temperature, the colloidal solution was filtered, washed 

with deionized water, and dried under ambient conditions. Finally, to remove P-123 and TMB, 

the powders were calcined in air by heating from room temperature to 550 °C and maintaining 

that temperature for 6 hours. Similarly, MCM-41 was synthesized following the method reported 

by Kresge et al. (1992). 

Following a drying pretreatment at 200 °C for a duration of 24 h, the porosity of the mesoporous 

materials was characterized through nitrogen physical adsorption measurements conducted at 

77 K (Quantachrome Quadrasorb-SI-MP and Quadrasorb evo). The mean pore diameter, total 

pore volume, and surface area were calculated from the desorption branch using the non-local 

density functional theory (NLDFT) method, specifically tailored for cylindrical pore geometries. 

The results are visually represented in Fig. 4−1 and summarized in Table 4−2.  

    
Figure 4−1. Pore size distributions of synthetic porous materials, MCM-41 (3.8 nm), SBA-15 (5−10 nm), and 
MCF (10.5, 11.7, and 20.6 nm). 
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Table 4−2. Summary of synthesis and characterization for ordered mesoporous silica materials. 

Sample Pore size  Specific volume Specific surface area  Temperature  Time Swelling  

 d/ nm Vpore /cm3·g−1 m2·g−1 T / °C t / h agent 

MCM-41 3.8 0.834 758 150 48  

SBA-15 5.9 0.708 905 60 24  

SBA-15 6.3 0.833 854 80 24  

SBA-15 6.6 0.880 875 80 24  

SBA-15 7.0 1.121 834 100 24  

SBA-15 7.3 0.939 628 100 30  

SBA-15 7.6 1.104 605 120 24  

SBA-15 8.1 1.149 570 120 64  

SBA-15 8.5 1.047 484 140 24  

SBA-15 9.1 1.086 463 140 30  

SBA-15 9.4 1.215 490 140 36  

SBA-15a 10.5  1.076 370 − −  

SBA-15 11.7 1.254 452 140 24 n−hexane 

MCFa 20.6 2.709 423 14 72 TMB 

a: materials were obtained from Talreja−Muthreja et al., 2022  

4.2 Methods 

First−order phase transitions, such as freezing or melting of water and crystallization or 

dissolution of salt are typically accompanied by heat. Hence, differential scanning calorimetry is 

therefore used to detect the temperature at which these thermal events occur during cooling and 

heating cycles, corresponding to the solid−liquid phase transitions between salt, ice and their 

solutions. Water vapor sorption analysis is another key technique, well−studied for examining 

the hygroscopic behavior of electrolytes upon exposure to atmospheric moisture. Additionally, it 

can be used to characterize the porosity of porous materials. In this study, water vapor sorption 

is utilized to determine the deliquescence relative humidity (DRH) of salts under both bulk and 

confined conditions. While the calorimetry and water vapor sorption are effective for identifying 

phase boundaries, based on temperature or humidity, they do not provide direct insights into the 

nature of identity of the solid and liquid phases involved. To address this limitation, Raman 

spectroscopy is used to monitor phase evolution and to identify specific solid or liquid species 
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during temperature or humidity changes. Moreover, phase transformations are often 

accompanied by changes in the morphology of material surfaces, which can reveal information 

about the kinetics of transition at the microscale. To capture these processes in real time, 

environmental scanning electron microscopy (ESEM) is applied, particularly to observe mutual 

deliquescence in salt mixtures. Elemental changes associated with phase transformations are 

further analyzed using energy dispersive X−ray spectroscopy (EDX). 

4.2.1 Calorimetry  

Thermal analysis and calorimetry are widely employed to investigate processes and materials 

properties, such as phase transition enthalpies, heat capacities, thermal expansivity, and other 

thermophysical changes, all of which are associated with heat generation or absorption. The 

results obtained from thermal analytical and calorimetric techniques can be influenced by both 

operational parameters (e.g., heating rate, atmosphere, pressure) and sample characteristics (e.g., 

mass, geometrical shape, structure). A wide variety of calorimeter designs exist, differing in their 

principles of measurement, yet all are fundamentally aimed at measuring heat or heat flow rates 

(Gallagher and Brown, 1998).  

Among these, differential measurement methods are commonly used. In such approaches, the 

quantity of interest is measured relative to a reference under identical experimental conditions. 

Differential scanning calorimetry, for example, records the difference in the heat flow between a 

sample and an inert reference as both are subjected to controlled temperature changes. This 

technique offers two main advantages: (1). The differential signal can be significantly amplified, 

enhancing the sensitivity to subtle variation by suppressing the high baseline signal. (2). External 

disturbances that affect both the sample and reference systems tend to cancel out, improving 

measurement accuracy by minimizing systematic errors. 

In a power-compensating DSC, the sample and reference materials are placed in two separate 

small furnaces, each equipped with its own heating element and temperature sensor. During the 

measurement, a control loop continuously adjusts the heating power to each furnace in order to 

minimize the temperature difference between the two. A proportional controller is typically used 

for this purpose, maintaining a small but measurable residual temperature difference between 

the sample and reference. When the system is thermally symmetric, this residual temperature 

difference is directly proportional to the difference in heating powers supplied between the 

sample and reference or from thermal event in the samples, such as endothermic or exothermic 

phase transitions. The additional power required to compensate for these effects, and thus 

maintain thermal balance, is directly proportional to the difference in heat flow rates. In this way, 

the instrument can quantify the heat flow associated with a thermal event in the sample. The DSC 
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output signal is recorded as a heat flow rate (typically in W or mW), with positive values 

corresponding to exothermic processes (e.g., crystallization, freezing) and negative values 

indicating endothermic processes (e.g., melting, evaporation). 

The calorimeter used in this dissertation is the BT 2.15 model from SETARAM KEP Technologies. 

It offers high sensitivity with a temperature resolution of ± 0.01 °C and a heat flow resolution of 

0.01 ± mW. The instrument operates over a broad temperature range from 200 °C to –150 °C, and 

is equipped with a liquid nitrogen cooling system for sub-ambient temperature control. The 

device supports a wide range of heating rates (0.01 to 1 K·min−1), while the cooling rate is typically 

below 0.1 K·min−1 under standard nitrogen flow. To achieve higher cooling rates (e.g., 0.2 K·min−1 

or above), manual adjustment of the liquid nitrogen flow is required. In this study, calorimetric 

measurements were mainly conducted to determine the freezing and melting points of salt 

solutions in both bulk and confined phase. To ensure thermal equilibrium during the phase 

transitions, a temperature ramp rate of 0.1 K·min−1 was employed during both cooling and 

heating cycles. For bulk solution measurements, an empty tube was used as reference, while for 

confined solution measurement, the reference contained the same amount porous silica. A 

representative example of the freezing and melting behavior of pure water is shown in Fig. 4−2.  

 
Figure 4−2. Freezing and melting curves of pure water. 

The exothermic peak observed during cooling (blue curve) corresponds to the freezing of water, 

while the endothermic peak during heating (red curve) is associated with the melting of ice. The 

temperature delay in the exothermic peak reflect the nuclei barrier for ice formation. In contrast 

to the sharp freezing peak, the melting peak is broader, likely due to the gradual heat transfer 

from the outer surface to the core of the ice crystal. This contrast in peak shapes underscores the 

fast nucleation and crystal growth during freezing and the diffusion-limited melting process in 

heating.    
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4.2.2 Water vapor sorption 

Physical sorption analysis is a widely employed technique for characterizing material porosity, 

as the resulting sorption isotherms are significantly sensitive to pore shape and size distribution 

(Thommes et al., 2006). Given the ubiquity of atmospheric water vapor and its high reactivity 

with many materials, understanding moisture-induced changes in material properties is essential 

across various disciplines, including food technology, pharmaceutical production, and 

construction materials (Stahlbuhk and Steiger, 2025a). Research in these fields primarily focuses 

on how materials respond to water adsorption or desorption, such as the caking of salts or sugars, 

volume expansion of hygroscopic drug components, and the salt crystallization damage in built 

heritage. These phenomena represent a complex sequence of process, ranging from the initial 

adsorption of water molecules to deliquescence and capillary condensation. 

The instrument employed in this dissertation is the SPSx−1µ multi-sample dynamic moisture 

sorption analyzer, manufactured by ProUmid GmbH & Co. KG. This fully automated system 

determines sorption and desorption isotherms as well as sorption kinetics over a wide range of 

temperature and relative humidities using a gravimetric method. It measures mass change over 

time in samples maintained under precisely controlled conditions of temperature and relative 

humidity, with mass change occurring due to either water uptake from the air or water release 

from the sample. The relationship between the equilibrium moisture content of a sample and the 

relative humidity at a given temperature is referred to as the water vapor sorption isotherm, 

which reflects moisture−induced structural changes typically indicated by abrupt, or transient 

variations in sample mass. A typical water vapor sorption isotherm for a 9.1 nm porous SBA-15 

silica is shown in Fig. 4−3. 

 
Figure 4−3. Water vapor sorption and desorption in 9.1 nm SBA-15 at 25 °C. 

Each experiment allows for the simultaneous analysis of up to 23 samples, with sample mass 

ranging from 10 mg to 22 g. The system offers a temperature range of 5 °C to 60 °C with accuracy 

of ± 0.1 °C, and a humidity range from 0% to 95% RH with accuracy of 0.5%. The SPSx−1µ 

provides high-precision gravimetric measurements with a resolution of 1 µg and a reproducibility 
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of better than ± 2 µg. All measurements presented in this study, including those of bulk salts, 

empty porous materials, and salt nanoparticles under confinement, were conducted at 25 °C 

within a humidity range of 0% to 95% RH 

4.2.3 Raman spectroscopy 

Scattering is a fundamental phenomenon widely observed in nature. When an incident particle 

strikes a target along a specific direction, its trajectory, and in some cases, its energy and be 

altered due to interactions with the target, leading to scattering (Zhang, 2012). In the 20th century, 

researchers began to focus on the energy shift, or more precisely, the change in wavelength of the 

scattered light relative to the incident light. In light scattering experiments, this wavelength shift 

is commonly expressed in terms of wavenumber (in cm−1), which is the reciprocal of the 

wavelength. Based on the magnitude of the energy change, light scattering is typically categorized 

into three types: 

1. Rayleigh scattering, where the energy change is less than 10−5 cm−1. 

2. Brillouin scattering, first observed by Léon Brillouin in 1922, involves energy shifts on 

the order pf 0.1 cm−1 (Brillouin, 1922). 

3. Raman scattering, discovered by C.V. Raman in 1928, exhibits energy shifts larger than 1 

cm−1 (Raman and Krishnan, 1928). 

If the wavelength of the scattered light remains unchanged compared to the incident light, the 

process is referred to as elastic scattering. In contrast, if the scattered light exhibits a different 

wavelength, it is known as inelastic scattering. The energy change associated with Rayleigh 

scattering, Stokes Raman scattering, and Anti-Stokes Raman scattering are schematically 

illustrated in Fig. 4−4.  

 
Figure 4−4. Energy-level diagram showing the states involved in Raman spectra. 

In this dissertation, Raman spectra were recorded using a Senterra Raman dispersive microscope 

(Bruker Optics GmbH, Germany), which is equipped with an automated Raman frequency 

calibration system (SurCal technology) and a CCD detector. The excitation laser operated at a 
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wavelength of 532 nm. Temperature control was achieved using a THMS600 heating/cooling 

stage (Linkam Scientific Instrument, UK), while humidity control was provided by an MHG32 

humidity generator (ProUmid GmbH, Germany), enabling precise regulation of environmental 

conditions. The system allows for a temperature range is from −100 °C to 500 °C and a relative 

humidity range is from 0 to 85% RH. To be specific, Raman spectroscopy was employed to 

characterize the moisture-induced phase transformations and deliquescence of calcium chloride 

hydrates, with a focus on the anomalous metastable deliquescence behavior at 25 °C. Additionally, 

in-situ Raman experiments were conducted to investigate the phase behavior of Ca(ClO4)2·nH2O, 

(NH4)2SO4  and their aqueous solutions under cryogenic conditions.   

4.2.4 Environment scanning electron microscope 

Scanning electron microscopes (SEMs) operate on principles similar to those of optical 

microscopes but a focused beam of electrons instead of visible light is used to image the samples 

and gather information about their structure and composition. Electron microscopy was 

developed to overcome the limitations of light microscopy, which are constrained by the physics 

of light. In contrast, SEM offers significantly higher magnifications and greater resolving power 

than a light microscope, enabling the observation of features at the nanoscale, including 

molecular level structure. In SEM operation, a beam of electrons is generated by an electron 

source and then accelerated toward the specimen using a positive electrical potential. The beam 

is confined and focused through metal apertures and magnetic lenses to form a thin, focused, 

monochromatic stream of electrons. As this beam interacts with the atoms on the surface of the 

sample, it generates various signals, including secondary electrons, backscattered electrons, and 

characteristic X-rays. These signals provide information on the surface topography, elemental 

composition, and electrical properties of the samples. The resulting signals are detected and 

processed to construct high-resolution images of the sample (Kannan, 2018).  

A typical scanning electron microscope (SEM) system consists of several core components: 

 an electron source; 

 lenses and apertures for beam shaping 

 coils for rastering (scanning) the beam across sample; 

 control electronics and high-voltage power supplies; 

 a deflector/acquisition system for collecting and processing the signal information; 

 a display monitor; 

 a vacuum system for the electron column and sample chamber. 

Maintaining a high vacuum environment (typically in the range of 10−3 to 10−5 Pa) is essential for 

two reasons: 
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 To prevent contamination of the electron source; 

 To avoid scattering of the electrons by atmospheric particles, which would reduce the 

resolution.  

While the region around the electron source and much of the electron column are kept under high 

vacuum to preserve the unscattered trajectories of the primary electrons, environmental SEM 

(ESEM) allows for a relatively higher pressure in the sample chamber. This enables the 

observation of samples in the presence of water vapor, crucial for humidity-sensitive materials 

(Stokes, 2008).  

The chemical composition of a sample can be characterized via X-ray spectroscopy. When high-

energy incident electrons interact with the inner-shell electrons of the sample atoms, an inner 

shell electron may be ejected, ionizing the atom. An out-shell electron then transitions into the 

vacancy, releasing energy in the form of a characteristic X-rays, corresponding to the energy 

difference between the two shells. These X-rays have discrete energy levels, unique to each 

element, resulting in a spectrum with identifiable peaks. The technique used to detect and analyze 

these X-rays is called energy dispersive X-ray spectroscopy (EDX or EDS). 

In this dissertation, environmental scanning electron microscopy coupled with energy-dispersive 

X-ray spectroscopy (ESEM-EDX) is employed using the EVO system (Carl Zeiss Microscopy 

GmbH). This method enables the in-situ observation of mutual deliquescence and solid−solid 

transformations in salt mixtures. Because these processes occur at relatively low humidity at 

lower temperatures, all measurements were conducted at 3 °C under controlled relative humidity 

conditions ranging from 0% to 85% RH, ensuring stable imaging conditions while maintaining 

appropriate water vapor presence in the chamber
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Chapter 5. Hydration and deliquescence behavior of calcium 

chloride hydrates 

Deliquescence represents a three-phase equilibrium between water vapor, liquid, and solid phase. 

Therefore, the deliquescence relative humidity (DRH) can also be determined by measuring the 

water activity of saturated solutions. As depicted in a calculated phase diagram of CaCl2–H2O in 

Fig. 5−1 (details shown in the Section A1 of Appendix), it depends on the temperature which solid 

phase is stable in the solid–liquid equilibrium and, thus, undergoes deliquescence. For example, 

at temperatures > 319 K, CaCl2·2H2O and CaCl2·H2O are thermodynamically stable. Between 303 

K and 319 K, α−CaCl2·4H2O is the stable phase, and below 303 K is the hexahydrate. The latter 

temperature limit corresponds to the incongruent melting of CaCl2·6H2O and crystallization of 

α−CaCl2·4H2O. The model calculated value of 302.69 K agrees nicely with a literature value of 

302.85 K (Voigt, 2015).  

 
Figure 5−1. Phase diagram of the CaCl2–H2O system (details provided in the Section A1 of Appendix). The 
solid blue, green, and grey curves denote deliquescence of CaCl2·6H2O, α−CaCl2·4H2O, and CaCl2·2H2O, 
respectively; the solid black, purple, and orange curves denote the hydration of 1H2O to 2H2O, 2H2O to 
α−4H2O, and α−4H2O to CaCl2·6H2O, respectively; the green dashed and dotted curves denote the 
deliquescence of β−CaCl2·4H2O and −CaCl2·4H2O respectively; the purple dashed and dotted curves denote 
the hydration of 2H2O to β−4H2O and 2H2O to −4H2O, respectively; the orange dashed and dotted curves 
denote the hydration of β−4H2O to 6H2O and −4H2O to 6H2O, respectively; phase boundaries to the lower 
hydrates (CaCl2·1/3H2O and CaCl2) are not shown as these phases are not formed under the conditions of 
the experiments in this work. 

In general, in the absence of kinetic hindrance, going from a dry to a humid environment at room 

temperature, the expected transitions proceed from CaCl2·H2O to CaCl2·2H2O, α−CaCl2·4H2O, and 

CaCl2·6H2O, followed by deliquescence of the latter. Except for the stable hydrates, there are two 

metastable CaCl2·4H2O phases, named β−CaCl2·4H2O and γ−CaCl2·4H2O, respectively, as shown in 

the phase diagram (Fig. 5−1, and more details shown in the Fig. A1−1 of Appendix). Both 
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polymorphs are metastable due to their higher solubility than the stable α−polymorph with the 

solubility of γ−CaCl2·4H2O exceeding that of β−CaCl2·4H2O by about 0.3–0.7 mol·kg−1. Therefore, 

the saturation vapor pressures of the metastable phases are lower (19.3% RH and 18.3% RH at 

298.15 K for β−CaCl2·4H2O and γ−CaCl2·4H2O, respectively) than of the α−polymorph (22.9 % RH 

at 298.15 K). 

Numerous data on the vapor pressures of solutions saturated with CaCl2·6H2O have been 

reported (summarized in Table A1−3 of Appendix) and the most reliable value at 298.15 K can be 

derived from the best available water activity data (Rard and Clegg, 1997). With a solubility of 

7.33  0.06 mol∙kg−1 (see Section A1.3 of Appendix), this yields 29.1  0.4%. The direct water 

vapor sorption measurement with CaCl2·6H2O reported by Guo et al. (2019), yielded a 

deliquescence humidity of 28.5% RH at 298.15 K, which is in line with other data from Table A1−3 

of Appendix. It is noteworthy that they also observed deliquescence occurring at 18.5% RH in 

some of their experiments, which they assigned to the DRH of metastable CaCl2·2H2O that did not 

undergo hydration to either CaCl2·4H2O or CaCl2·6H2O. However, as our calculated phase diagram 

(Fig. 5−1) shows, the observed DRH at 18.5% is closer to the saturation vapor pressure of 

β−CaCl2·4H2O (19.4%) or γ−CaCl2·4H2O (18.5%) solution, rather than that of CaCl2·2H2O (14.6%). 

In fact, Gough et al. observed the direct deliquescence of CaCl2·2H2O using Raman microscopy, 

however, their study was carried out at very low temperatures (223–273 K) and may not apply 

to higher temperatures (Gough et al., 2016). These divergent results underline the complexity of 

the hydration process in the CaCl2–H2O system and suggest that not all observed transitions 

follow the predicted thermodynamic equilibria. 

In this study, water vapor sorption analysis and in-situ Raman spectroscopy were conducted to 

address the unexpected transitions upon hydration and to investigate the hydration and 

deliquescence behavior of CaCl2·nH2O. The water vapor sorption isotherms at 298.15 K for 

calcium chloride hydrates (CaCl2·2H2O and CaCl2·6H2O), that were dehydrated at room 

temperature in dry air or by thermal drying, are presented. Subsequently, the phases present in 

certain humidity ranges during the hydration process as identified using Raman spectroscopy are 

reported. Finally, an explanation for the observed metastable transition pathways is proposed 

based on the experimental results of water vapor sorption and Raman spectroscopy. 

5.1 Experiments 

Water vapor sorption measurements were conducted using an SPSx−1µ moisture sorption 

analyzer (ProUmid GmbH, Germany). The isotherms were recorded at 298.15 K (0.1 MPa) with a 

1% increment in relative humidity within the range of 0–95%. Equilibrium was considered to be 

achieved when the weight change was less than 0.045 wt.% over 4 hours. It is important to note 
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that a 48−hour drying pretreatment at different temperatures in a dry nitrogen gas flow (nominal 

RH of 0%) was applied initially to dehydrate the samples. Three experiments were conducted 

with the following starting materials and drying conditions: SPS−1: CaCl2·2H2O with drying at 

333.15 K and 0% RH (hereafter referred to as thermal drying); SPS−2: CaCl2·6H2O with thermal 

drying; SPS−3: CaCl2·6H2O with drying at 298.15 K and 0% RH (hereafter referred to as 

isothermal drying). The different drying temperatures were selected as they led to large 

differences in the rehydration pathways. 

Raman spectra were recorded using a Senterra Raman dispersive microscope (Bruker Optics 

GmbH, Germany) equipped with an automated Raman frequency calibration system (SurCal 

technology) and a CCD detector. The device includes a BX 51 microscope with Plan M 10 and 

LMPlanFL N 20 lenses (Olympus, Germany). The laser was operated at a wavelength of 532 nm 

(frequency−doubled Nd: YAG laser) at 20 mW with an integration time of 5 second. Spectra were 

collected by summing up ten spectra at the same spot in the range of 1520–3700 cm–1 

(co−addition mode). A THMS600 stage (Linkam Scientific Instrument, UK) was used for 

temperature and RH control. An airflow with controlled RH at a rate of 500 mL·min–1 was 

provided by a humidity generator MHG32 (ProUmid GmbH, Germany) yielding sufficiently large 

gas exchange rates and a constant RH in the THMS600 stage. In order to achieve comparable 

results with the SPS experiments, all Raman measurements were conducted at 298.15 K, and the 

following three experiments were performed: Raman−1: Drying of CaCl2·2H2O at 333.15 K and 0% 

RH in the Linkam chamber (thermal drying) and collection of Raman spectra after drying and 

during rehydration at 5%, 12%, 15%, 18%, 20% and 24% RH, respectively. Raman−2: After 

recording a spectrum of CaCl2·6H2O initially the sample was dehydrated at room temperature (r.t.) 

and decreasing RH. Spectra were measured at 15%, 12%, and 5% RH, with a final 20−hour hold 

time at 5% RH. During hydration, Raman spectra were collected at 16.5%, 18%, and 27% RH, 

respectively. Raman−3: After recording a spectrum of CaCl2·6H2O, the sample was dried at 333.15 

K and 0% RH for 10 hours. Then, spectra were recorded at 0%, 8%, 15%, and 25% RH, 

respectively, during hydration. The experimental conditions during the dehydration−rehydration 

experiments 1−3 can been found in Table 5−1. Listed are the temperatures, relative humidities, 

hold times and the phases detected in the respective Raman spectra and micrographs. The spectra 

are shown in Fig. 5−5 (experiment Raman−1), Fig. 5−8a (Raman−2) and Fig. 5−8b (Raman−3). 
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Table 5−1. Details of the experiments performed with Raman microscopy. 

Starting material T / K RH / % Detected phases Hold time / h 

Raman−1: 333.15 <10 CaCl2·H2O 12 
CaCl2·2H2O 298.15 5 CaCl2·H2O and CaCl2·2H2O 0.5 
(Fig. 5−6, Fig. 5−7) 298.15 12 CaCl2·2H2O 1 
 298.15 15 CaCl2·2H2O 1 
 298.15 18 β−CaCl2·4H2O 1 
 298.15 20 β−CaCl2·4H2O and solution 1 
 298.15 24 β−CaCl2·4H2O and solution 0.5 
     
Raman−2: 298.15 30 CaCl2·6H2O 0.5 
CaCl2·6H2O 298.15 15 CaCl2·6H2O 48 
(Fig. 5−8a, Fig. 5−9) 298.15 12 α−CaCl2·4H2O 24 
 298.15 5 CaCl2·2H2O 22 
 298.15 16.5 α−CaCl2·4H2O and CaCl2·2H2O 6 
 298.15 18 α−CaCl2·4H2O and solution 60 
 298.15 27 CaCl2·6H2O 24 
     
Raman−3: 298.15 0 CaCl2·6H2O 10 
CaCl2·6H2O 333.15 0  10 
(Fig. 5−8b, Fig. 5−10) 298.15 0 CaCl2·H2O and CaCl2·2H2O 1 
 298.15 8 CaCl2·2H2O 2 
 298.15 15 β−CaCl2·4H2O 24 
 298.15 25 β−CaCl2·4H2O and solution 4 

 

X−ray diffraction analysis was carried out with a powder diffractometer (PANalytical MPD X’Pert, 

The Netherlands) with Cu−Kα−radiation (generated at 450 kV and 400 mA, scanning ranges from 

6 to 70° 2θ). Samples were covered with a thin Kapton polyimide film to prevent contact with 

moisture. Two samples were investigated: XRD−1: CaCl2·2H2O dried at 333.15 K (thermal drying). 

XRD−2: CaCl2·2H2O, initially dried at 333.15 K, then stored in an environmental chamber at 15% 

RH and room temperature (293.15–298.15 K) for 24 hours. 

The standard uncertainties of the humidity and temperature sensors used in all experiments are 

u  1% RH and u  0.1 K. Table 5−2 provides a summary of the experiments, all carried out at 0.1 

MPa. 
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Table 5−2. Overview on the starting materials and conditions in the water vapor sorption, 

Raman and XRD experiments. 

Starting material Drying conditions before hydration  Experiment 

CaCl2·2H2O 333.15 K and 0% RH  SPS−1 

CaCl2·6H2O 333.15 K and 0% RH  SPS−2 

CaCl2·6H2O 298.15 K and 0% RH  SPS−3 

CaCl2·2H2O 333.15 K and 0% RH  Raman−1 

CaCl2·6H2O 333.15 K and 0% RH  Raman−2 

CaCl2·6H2O 298.15 K and 0% RH  Raman−3 

CaCl2·2H2O 333.15 K and < 10% RH  XRD−1 

CaCl2·2H2O 333.15 K and < 10% RH  
(hydration at 298.15 K and 15% RH) 

 XRD−2 

 

5.2 Results and Discussion 

5.2.1 Water vapor sorption and hydration 

The water vapor sorption data at 298.15 K, starting from dehydrated CaCl2·2H2O (SPS−1) and 

CaCl2·6H2O (SPS−2), are presented in Fig. 5−2. In both measurements, two hydration steps at 4.5 

± 0.5% and 11.5 ± 0.5% RH can be observed. A third step at 18.5 ± 0.5% is followed by continuous 

water uptake with increasing RH indicating the onset of deliquescence and subsequent dilution 

of the solution. It should be mentioned that the initial water content of the sample before 

hydration was not exactly defined due to the thermal drying at the beginning. According to the 

phase diagram shown in Fig. 5−1, CaCl2·H2O is stable at very low humidity, while CaCl2·2H2O, 

α−CaCl2·4H2O and CaCl2·6H2O are stable in the humidity ranges of 4–10% RH, 10–20.5 %RH, and 

20.5–29% RH, respectively. When comparing the increase of the number of moles of water per 

mole of CaCl2 (nw/ns) in the first (at 4.5%) and the second step (at 11.5%) in Fig. 5−2a (CaCl2·2H2O 

starting material), it can be observed that the water content involved in the second step is 

approximately twice as high as in the first one. This is in accordance with the hydration from 

CaCl2·H2O to CaCl2·2H2O and, subsequently, from CaCl2·2H2O to CaCl2·4H2O. Therefore, CaCl2·H2O 

is confirmed as the initial state after dehydration as presented in Fig. 5−2. The theoretical 

hydration steps and the water uptake (nw/ns) of the solution at higher humidities calculated with 

our model are in good agreement with the experimental data, except for the deliquescence which 

is predicted at 29.5% RH by the model but is observed at 18.5% already.  
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Figure 5−2. Water vapor sorption measurements starting from CaCl2·2H2O (a, SPS−1) and CaCl2·6H2O (b, 
SPS−2), plotted as the ratio of moles of water per moles of salt nw/ns versus RH. 

This observation of the direct deliquescence at 18.5% RH instead of the expected hydration to the 

hexahydrate at 20.5% RH and subsequent deliquescence at 29.5% RH as given in the phase 

diagram in Fig. 5−1, is very interesting. Hence, the absence of the last hydration step in the 

sorption measurement from tetrahydrate to hexahydrate shifts the deliquescence reaction from 

29.5% RH down to 18.5% RH. This result is also reported in some experiments of Guo et al. (2019), 

which they attributed to the direct deliquescence of CaCl2·2H2O. In the following section, a 

detailed investigation including a combination of Raman spectroscopy and X−ray diffraction 

experiments is presented to further address this issue. 

5.2.2 Raman spectroscopy experiments 

For the different hydrates of CaCl2, the vibrational modes of water molecules are influenced by 

the structure of the hydrates. Table 5−3 provides an overview of the characteristic peak positions 

for CaCl2·nH2O (n = 2, 4, 6) in the O–H stretching region as reported in the literature (Uriarte et 

al., 2015; Baumgartner and Bakker, 2009). Unfortunately, no data are available for CaCl2·H2O and 

β−CaCl2·4H2O. As discussed below, the spectrum of CaCl2·H2O was measured in this study and the 

main Raman modes are also listed in Table 5−3. Attempts to collect a spectrum of pure 

β−CaCl2·4H2O were unsuccessful. 
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Table 5−3. Characteristic peaks of H2O vibrational modes (stretching region) in CaCl2·nH2O Raman 

spectra at room temperature (Uriarte et al., 2015; Baumgartner and Bakker, 2009). 

Hydrates Stretching modes / cm–1 Source 

CaCl2·6H2O 3245, 3430 Uriarte et al., 2015; Baumgartner and 

Bakker, 2009 

α−CaCl2·4H2O 3511, 3435, 3400, 3242 Uriarte et al., 2015; Baumgartner and 

Bakker, 2009 

γ−CaCl2·4H2O* 3435 Baumgartner and Bakker, 2009 

CaCl2·2H2O 3486, 3452, 3216 Uriarte et al., 2015; Baumgartner and 

Bakker, 2009 

CaCl2·H2O 3428, 3394 this work 

* at 246 K 

Hydration starting from dehydrated CaCl2·2H2O (experiment Raman−1): To start with a 

pure phase, CaCl2·2H2O was dried at 333.15 K for 24 hours before the hydration experiment was 

started. After thermal drying, the presence of CaCl2·H2O was confirmed by X−ray diffraction 

(XRD−1, Fig. 5−3a), which is also in agreement with the analysis based on the water vapor 

sorption curve presented in Section 5.2.1. The very broad peak between 10°–30° 2θ in the 

diffraction pattern is attributed to the amorphous protective material used to avoid moisture 

uptake during the measurement. Using the same drying conditions in the Linkam chamber, a 

Raman spectrum was recorded yielding two major peaks in the O–H stretching region (OHS) at 

3394−1 and 3428 cm−1 which are assigned to CaCl2·H2O. The spectrum of the monohydrate in the 

OHS is shown in comparison to the starting phase (CaCl2·2H2O) in Fig. 5−4, the full spectrum is 

provided in the Fig. 5−5. 

 
Figure 5−3. XRD patterns of calcium chloride hydrates and reference patterns for CaCl2·H2O (Hanawalt et 
al., 1938) and β−CaCl2·4H2O (Leclaire and Borel, 1978). 
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Figure 5−4. Raman spectra in the OHS of CaCl2·2H2O and its dehydration product CaCl2·H2O. 

 
Figure 5−5. Raman spectrum of CaCl2·H2O at 298.15 K; full spectrum range (a), low wave number range (b) 
and H2O bending (c) and stretching modes (d). 

The Raman spectra collected during the rehydration of dehydrated CaCl2·2H2O are shown in Fig. 

5−6. The first spectrum recorded at 5 % RH, which is close to the phase boundary between 

monohydrate and dihydrate, exhibits four peaks in the stretching region at 3394, 3218, 3452, and 

3484 cm−1. All peaks of CaCl2·2H2O listed in Table 5−3 are present in this spectrum and the 

additional strong peak at 3394 cm−1 belongs to the monohydrate suggesting that at least a partial 

transformation from monohydrate to dihydrate already occurred at 5% RH. The spectra taken at 

12% and15 % RH closely match both the reference spectrum from the literature (Uriarte et al., 

2015) and the spectrum of the starting phase CaCl2·2H2O shown in Fig. 5−4, thus, confirming that 

the transition from monohydrate to dihydrate is complete. 
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Figure 5−6. Raman spectra in the OHS recorded during the rehydration of dehydrated CaCl2·2H2O 
(experiment Raman−1). Red line: CaCl2·H2O; blue lines: CaCl2·2H2O; yellow line: attributed to β−CaCl2·4H2O. 

Within the range 10–20.5% RH, α−CaCl2·4H2O is the thermodynamically stable phase. However, 

the spectrum recorded at 18% RH does not correspond to either α−CaCl2·4H2O nor γ−CaCl2·4H2O 

(cf. Table 5−3 and Fig. 5−6). Approaching the stability field of CaCl2·6H2O, a liquid film was 

observed on the crystal surface in the Raman microscope at 20% RH, as the micrographs shown 

in Fig. 5−7, while the expected transition from α−CaCl2·4H2O to CaCl2·6H2O did not occur. The 

liquid film formation continued upon further humidity increase until the dissolution of the crystal 

was complete at 24% RH, as the micrographs shown in Fig. 5−7. Surprisingly, the hexahydrate 

could not be detected throughout the entire hydration process from monohydrate to 

deliquescence. This result is in line with the hydration sequence observed in the water vapor 

sorption curve, but contradicts the expected equilibrium transition pathway. 

To clarify this phenomenon, the phase that corresponds to the spectrum recorded at 18% RH and 

deliquescence at 24% RH was investigated more closely. For that purpose, a sample of CaCl2·2H2O, 

initially dried at 333.15 K, was stored at 15% RH for 24 hours and the resulting product was 

characterized by X−ray diffraction (XRD−2). The resulting XRD pattern (Fig. 5−3b) shows 

agreement with the reference pattern of β−CaCl2·4H2O (Leclaire and Borel, 1978), but not with 

the patterns of the stable α−polymorph (Leclaire and Borel, 1979) or the metastable 

γ−CaCl2·4H2O (Leclaire et al., 1980). Therefore, the Raman peak located at 3483 cm−1 (yellow line 

in Fig. 5−6) was assigned to β−CaCl2·4H2O. 
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Figure 5−7. Micrographs taken before and after deliquescence in experiment Raman−1. The darkening 
observed upon increasing the RH from 12 % (CaCl2·2H2O) to 20 % (presumably −CaCl2·4H2O) is an 
indication of the formation of a liquid film on the crystal surface; the two micrographs at 24 % show how 
the deliquescence process proceeds. 

Hydration starting from dehydrated CaCl2·6H2O (experiments Raman−2 and Raman−3): 

The dehydration and rehydration of CaCl2·6H2O were also investigated using Raman 

spectroscopy. First, the CaCl2·6H2O starting material was dehydrated isothermally at 298.15 K by 

stepwise decreasing the RH to 5 %. Spectra were recorded at 15%, 12%, and 5% RH, respectively. 

The results are shown in Fig. 5−8a, corresponding micrographs can be found in the Fig. 5−9. 

Initially, the identity of CaCl2·6H2O as starting material was confirmed. Upon decreasing the RH 

to 15% RH, i.e. below the transition equilibrium RH (20%) of CaCl2·6H2O to α−CaCl2·4H2O, the 

spectrum did not change. As the humidity was further reduced to 12% RH, the dehydration to 

α−CaCl2·4H2O was observed followed by the formation of CaCl2·2H2O at 5% RH with 22 hours 

holding time. Thus, apart from a slightly delayed dissociation of the hexahydrate, the dehydration 

followed the expected pathway (Fig. 5−1). 

In the subsequent rehydration, a mixture of CaCl2·2H2O and α−CaCl2·4H2O was obtained at 16.5% 

RH and the transition was complete at 18% RH. Eventually, the hydration of the tetrahydrate to 

the initial phase CaCl2·6H2O was observed at 27% RH. The first spectrum recorded at 27% RH 

(spectrum 1), still includes bands of α−CaCl2·4H2O indicating that the hydration from 

tetrahydrate to hexahydrate was still not complete. Only after 24 h, pure hexahydrate (second 

spectrum at 27% RH in Fig. 5−8b) was obtained. While these observations agree with the 

equilibrium pathway according to the phase diagram (Fig. 5−1), they differ from the Raman 

measurements starting from thermally dehydrated CaCl2·2H2O (Raman−1, Fig. 5−6) and the 

water vapor sorption results with thermally dehydrated CaCl2·6H2O and CaCl2·2H2O (SPS−1 and 
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SPS−2, Fig. 5−2). The only difference between the measurements is the absence of thermal drying 

in experiment Raman−2, probably leading to a different composition of the dehydrated samples. 

 
Figure 5−8. Raman spectra in the OHS recorded during dehydration and rehydration of CaCl2·6H2O at 
298.15 K. (a) Raman−2 and (b) experiment Raman−3. Green lines: α−CaCl2·4H2O; purple line: CaCl2·6H2O; 
blue lines: CaCl2·2H2O; red line: CaCl2·H2O; yellow line: β−CaCl2·4H2O.  

 
Figure 5−9. Micrographs taken during the rehydration of isothermally dehydrated CaCl2·6H2O in 
experiment Raman−2; the solids identified by Raman spectroscopy are CaCl2·2H2O (5 %), a mixture of 
CaCl2·2H2O and α−CaCl2·4H2O (16.5 %), α−CaCl2·4H2O (18 %) and CaCl2·6H2O (27 %); the micrographs 
reveal the presence of a liquid film at 27 % (as exemplarily indicated by the arrows) indicating 
deliquescence of α−CaCl2·4H2O and formation of CaCl2·6H2O which is the only phase detected in the second 
spectrum at 27 % RH (lower right micrograph). 
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To resolve these contradictory results, experiment Raman−3 was performed which included 

thermal drying at 333.15 K in dry air before hydration (cf. Table 5−1). The spectra are shown in 

Fig. 5−8b and the corresponding micrographs in the Fig. 5−10. The first spectrum confirms that 

the starting material was CaCl2·6H2O. After thermal drying, the spectrum at 0% is almost identical 

to that at 5% RH in Fig. 5−6 (Raman−1), except for a small deviation in the relative intensities of 

the peaks at 3394 and 3252 cm−1, thus, revealing a mixture of CaCl2·H2O and CaCl2·2H2O. This 

mixture transforms to CaCl2·2H2O at 8% RH. It is evident that in contrast to the previous 

hydration experiment (Raman−2, Fig. 5−8a), metastable β−CaCl2·4H2O was formed at 15% RH 

and deliquescence occurred between 15% and 25% RH. Qualitatively, this agrees with the water 

vapor sorption curves (Fig. 5−2) and the observation in experiment Raman−1 (Fig. 5−6), even 

though deliquescence occurred at a lower RH in the latter experiments (18−20%). Regarding this 

discrepancy, it should be mentioned that these Raman experiments were not designed in a way 

that would allow the determination of precise thermodynamic transition humidities. Nonetheless, 

with the identification of β−CaCl2·4H2O, the unexpected appearance of two different 

deliquescence humidities, one below 20% RH and another one close to 30%, can be explained by 

the Raman experiments. While the latter RH represents the DRH of CaCl2·6H2O, the lower value 

can be attributed to the deliquescence of β−CaCl2·4H2O, and not to the deliquescence of 

CaCl2·2H2O as proposed by Guo et al. (2019).  

 
Figure 5−10. Micrographs taken during the rehydration of thermally dehydrated CaCl2·6H2O in experiment 
Raman−3; the solids identified by Raman spectroscopy are CaCl2·2H2O (8 %), −CaCl2·4H2O (15 %) and 
−CaCl2·4H2O and solution (25 %), thus, deliquescence occurring between 15 and 25 % RH. 

As mentioned previously, in the investigation of Guo et al. (2019) the water vapor sorption 

measurements were conducted after initial isothermal drying at 298.15 K similar to experiment 

Raman−2 in this work. In their experiments, both deliquescence at 28.5% RH and at 18.5% RH 
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were observed, which is consistent with the results of experiments Raman−2 and 3. The presence 

of α−CaCl2·4H2O seems to be the key factor. In the case of its presence, deliquescence occurs at 

28.5% RH after hydration to CaCl2·6H2O; in its absence, deliquescence occurs directly from 

β−CaCl2·4H2O without transition to CaCl2·6H2O. The kinetics of dehydration and hydration are 

influenced by various factors, such as temperature, particle size, shape, and moisture diffusion. 

Therefore, different dehydration products may have been formed in the experiments of Guo et al. 

(2019), even though all materials were dried under isothermal conditions. In experiment 

Raman−3, the thermal drying represents a more drastic treatment that allows the dehydration 

reaction to proceed further, compared with the isothermal drying in experiment Raman−2. This 

assumption is also confirmed by an additional water vapor sorption measurement SPS−3, as 

shown in the Fig. 5−11, including initial isothermal drying at 298.15 K and 0% RH, but no heating 

step before rehydration. In this experiment, the deliquescence was indeed observed close to 30% 

RH, which again reinforces the assumption that the conditions during the drying step decisively 

influence the hydration sequence.  

 
Figure 5−11. Water vapor sorption of dehydrated CaCl2·6H2O at 298.15 K (dehydration at 298.15 K and low 
RH). 

In the experiments with isothermal drying, e.g. Raman−2 and SPS−3, as shown in the schematic 

diagram in Fig. 5−12, the phase transitions in the crystal core become slow due to the increased 

moisture diffusion path length when the surface is completely covered with the lower hydrate. 

Then, if the reaction time is insufficient, it is likely that the dehydration reaction does not proceed 

to completion. Remaining nuclei of the higher hydrates, i.e. α−CaCl2·4H2O or CaCl2·6H2O may then 

act as seeds during the subsequent rehydration process, preventing the metastable transition to 

β−CaCl2·4H2O. In comparison, in the experiments with thermal drying, e.g. Raman−1, Raman−3, 

SPS−1, and SPS−2, the higher temperature promotes the dehydration reactions resulting in 

complete dehydration to the lower hydrates (CaCl2·H2O or CaCl2·2H2O). In addition, the 

temperature of thermal drying (333.15 K) is above the incongruent melting temperature of 

α−CaCl2·4H2O. The value of 317.22 K calculated with the present model (Section A1.1 of Appendix) 
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is in excellent agreement with an experimental value determined recently (317.45 K) (Ushak et 

al., 2016). Moreover, even if the incongruent melting process is incomplete, the metastable 

congruent melting temperature at 319.3 K provides an absolute stability limit excluding the 

presence of α−CaCl2·4H2O nuclei after thermal drying. In this case, metastable β−CaCl2·4H2O can 

be formed and its deliquescence will be observed subsequently. 

 
Figure 5−12. Schematic diagram of dehydration and rehydration between CaCl2·2H2O and CaCl2·4H2O. 

5.2.3 Metastable transition 

Metastable transitions are commonly observed in systems involving freezing and crystallization 

due to nucleation hysteresis (Steiger and Voigt, 2019). To find a possible explanation for the 

presence of metastable β−CaCl2·4H2O instead of thermodynamically stable α−CaCl2·4H2O and 

thus the deviation of the equilibrium pathway observed in experiment Raman−1, the lattice 

structures of the different calcium chloride hydrates (Table 5−4) are discussed. CaCl2·2H2O 

exhibits a highly symmetrical orthorhombic structure, followed by β−CaCl2·4H2O (monoclinic), 

and α−CaCl2·4H2O (triclinic) having the lowest symmetry. It is assumed that more similar 

structures are more likely to undergo solid–solid transformations due to the lower barrier for the 

formation of the new phase. As shown in Fig. 5−13, CaCl2·2H2O has a hexacoordinated octahedral 

structure with the central calcium ion being surrounded by four chloride ions and two water 

molecules. In α−CaCl2·4H2O, the coordination number is seven with four water molecules and 

three chloride ions surrounding the calcium ion. In the lattice cell of β−CaCl2·4H2O, both 

hexacoordinated and heptacoordinated cations coexist, linked via bridging chloride ions. The cell 

may thus be considered as an intermediate structure that is more similar to CaCl2·2H2O than the 

α−CaCl2·4H2O structure. For example, the square planar coordination of the calcium cation with 

chloride in CaCl2·2H2O is maintained in the structure of the −polymorph. Thus, the formation of 

metastable β−CaCl2·4H2O is more likely than the formation of the stable hydration product 

(α−CaCl2·4H2O). It should be noted that the formation of the β−polymorph also follows Ostwald’s 

rule (Ostwald, 1987) which was explained on the basis of both thermodynamic and structural 
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considerations (Threlfall, 2003). In the present study, the formation of the metastable polymorph 

has a structural basis. The β−polymorph forms easier due to its structural similarity to the educt 

phase CaCl2·2H2O. 

Table 5−4. Lattice structures of CaCl2·nH2O (Leclaire and Borel, 1977a; Leclaire and Borel, 1977b; Leclaire 

and Borel, 1978; Leclaire and Borel, 1979) 

Hydrate Crystal system 

CaCl2·2H2O Orthorhombic 

α−CaCl2·4H2O Triclinic 

β−CaCl2·4H2O Monoclinic 

γ−CaCl2·4H2O Monoclinic 

CaCl2·6H2O Hexagonal 

 
Figure 5−13. Lattice structures and hydration–dehydration pathways of CaCl2·nH2O (figures produced in 
VESTA (Momma and Izumi, 2011).  

Once the formation of the metastable β−CaCl2·4H2O is understood, the missing hydration step to 

CaCl2·6H2O has to be addressed next. When the relative humidity approaches the DRH, a 

continuous liquid film on the crystal surface, likely a saturated solution, acts as the catalyst 

reducing the nucleation barrier for the formation of a liquid (Finlayson−Pitts, 2003; Ewing, 2005; 

Ewing, 2006; Bruzewicz et al., 2011; Lin et al., 2021). Such a solution film has also been proposed 

as an intermediate state in the hydration of a salt (Sögütoglu et al., 2019; Sögütoglu et al., 2021) 

and the presence of such a film with increased ion mobility during the hydration of K2CO3 was 

recently detected by impedance spectroscopy (Houben et al., 2022). The initial nanoscale thin 

film grows to a macroscopic solution film as the humidity reaches and exceeds the DRH of the 

lower hydrate, which was observed in the hydration of Na2SO4 and MgSO4 (Linnow et al., 2014; 

Steiger et al., 2008b). This macroscopic solution film also appears during the transition from 
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α−CaCl2·4H2O to CaCl2·6H2O in experiment Raman−2 (shown in Fig. 5−9). The presence of the 

macroscopic solution film promotes the rate of the hydration reaction and the stable higher 

hydrate at the respective humidity crystallizes from solution. However, in the case of 

β−CaCl2·4H2O, its solubility at 298.15 K is 9.49 mol·kg−1, equivalent to 5.85 moles of water per 

mole of salt. Thus, the amount of water in the saturated β−CaCl2·4H2O solution film is not 

sufficient to allow the complete precipitation of the hexahydrate and might inhibit the hydration 

to CaCl2·6H2O. In contrast, the solubility of α−CaCl2·4H2O is 8.57 mol·kg−1, or 6.48 water molecules 

per mole of salt, so the formation of the hexahydrate is not hindered. 

5.3. Conclusions 

In this study, the hydration and deliquescence behavior of the CaCl2 hydrates at 298.15 K was 

investigated using water vapor sorption analysis and Raman spectroscopy. The results reveal two 

possible hydration pathways leading to deliquescence: First, an equilibrium pathway in which, 

starting from CaCl2·2H2O, water uptake leads to two hydration steps and the formation of 

α−CaCl2·4H2O and CaCl2·6H2O which, eventually, undergoes deliquescence at 29% RH. Second, a 

metastable pathway in which the hydration of CaCl2·2H2O leads to metastable β−CaCl2·4H2O 

which undergoes deliquescence at 18.5% RH. This metastable transition may be favored because 

the lattice structure of metastable β−CaCl2·4H2O is more similar to the structure of CaCl2·2H2O 

than is the structure of the stable polymorph α−CaCl2·4H2O. In addition, the higher solubility of 

β−CaCl2·4H2O leads to less than six water molecules per mole of salt and impedes the 

precipitation of the hexahydrate from a solution supersaturated with respect to this phase.  

The present results also show that the formation of β−CaCl2·4H2O strongly depends on the 

conditions during the dehydration of CaCl2·6H2O. Only if the dehydration products, i.e. CaCl2·2H2O 

or CaCl2·H2O, do not contain any residual nuclei of α−CaCl2·4H2O, the metastable −tetrahydrate 

can form during rehydration. Notably, the conditions during thermal dehydration seem to be 

favorable for the formation of the metastable −tetrahydrate. Therefore, the present results are 

particularly important for applications with thermal dehydration of CaCl2·6H2O such as in 

thermochemical heat storage. In such applications, the formation of β−CaCl2·4H2O is very likely 

leading to a significantly lower deliquescence relative humidity than for CaCl2·6H2O. 

Deliquescence and the formation of solutions are major issues in thermochemical heat storage 

applications (Donkers et al., 2017). On the other hand, on Mars, if this metastable transition still 

applies to low temperatures, the metastable pathway would expand the stable humidity range of 

the liquid phase, and the existence of a calcium chloride solution on such a cold and dry planet is 

more likely. In natural environments on Earth, complete hydration or dehydration is unlikely due 

to climate fluctuations, slow reaction rates and the highly hygroscopic nature of calcium chloride. 
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Hence, the observed metastable pathway is not expected, but deliquescence at 29.1% RH at 

298.15 K instead.  

  



Chapter 6. Missing Eutectic Transition in the Electrolyte Solutions in Confinement  

58 

Chapter 6. Missing eutectic transition in the electrolyte 

solutions in confinement  

The eutectic point represents the lowest temperature at which a liquid solution remains 

thermodynamically stable, and marks the beginning of melting in a salt−ice mixture. In 

confinement, the eutectic point in electrolyte solutions is significantly shifted to lower 

temperatures (Meissner et al., 2016). Consequently, eutectic melting is considered the most 

plausible mechanism for the presence of liquid water on Mars. Theoretically, the eutectic 

transition should occur in all salt solutions, regardless the solute type or concentration. However, 

under confinement, this transition was only observed in concentrated solutions but absent in the 

dilute solutions in the previous studies (Aristov et al., 1997; Koniorczyk and Bednarska, 2019). 

To date, this anomalous behavior lacks a clear and comprehensive explanation. This phenomenon 

is apparently similar to the nonfreezing behavior observed in pure water within pores smaller 

than 2.5 nm or under partial filling conditions, attributed to the strong interaction of water 

molecules with the pore wall (Overloop and Vangerven, 1993; Jähnert et al., 2008; Pearson and 

Derbyshire, 1974; Rennie and Clifford, 1977; Morishige and Nobuoka, 1997; Morishige and 

Kawano, 1999). Meissner et al., (2016) proposed that ions crystallize as extremely small 

nanocrystals within the interfacial layer producing a secondary confinement effect on the 

remaining solution. Argyris et al. (2010) using molecular dynamics simulation, found strong 

accumulation of dissolved ions in the interfacial layer of silica nanopores. In this perspective, ions 

can be categorized based on their spatial distribution: interfacial ions located near the pore wall 

and bulk like ions in the core of the pore. 

It is well−established that the water molecules are unable to freeze within an interfacial layer of 

about 0.6 nm thickness (Jähnert et al., 2008). Ion crystallization in this region is likely inhibited 

as well. Consequently, the eutectic transition can only occur in the core of the pore solution and 

only if the accumulation of ions in the interfacial layer leaves a sufficient amount of ions in the 

core. The total amount of ions is influenced by three factors: salt concentration, pore volume, and 

pore filling degree. These factors directly determine the existence of bulk like ions in the core, 

which results in the eutectic transition. In this study, systematic calorimetric measurements were 

conducted to investigate the effects of salt concentration, pore size, and pore filling degree on the 

eutectic transition in nanoporous silica. The results confirm the strong adsorption and 

accumulation of ions within the nonfreezing interfacial layer, meaning that no bulk like ions are 

present in the core, thus, impeding the eutectic transition. Only if the interfacial layer is saturated, 

the eutectic transition in dilute solutions can be observed. 
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6.1 Experiments 
The samples were prepared by impregnation of a weighted mass of the silica material 

(approximately 50 mg) with an appropriate amount of solution (CaCl2 or NaCl) in a mortar. 

Grinding facilitated the formation of a homogeneous mixture of the liquid and the porous material. 

The filling degree was estimated by the ratio of the solution volume and the pore volume of the 

respective material. Calorimetric measurements were conducted using a Setaram BT 2.15 

calorimeter in DSC mode with very low cooling and heating rates of 0.1 K·min−1 (to avoid kinetic 

influences) with a 3 hour hold time at the lowest temperature. The working temperature range 

depends on the intrinsic properties of salt and pore size, spanning from 100 °C to 25 °C for CaCl2 

solutions and from 80 °C to 25 °C for NaCl solutions. 

6.2 Results and Discussion 

6.2.1 Eutectic Transition in Bulk and in Confined Solutions 

The freezing or melting of a salt solution is more complex than that of pure water as it involves a 

phase separation of both ice and salt crystals from the solution. As shown in Fig. 6−1a for a 

solution with a concentration lower than the eutectic concentration (solution A), the freezing 

process begins with the crystallization of ice at the freezing temperature (point B). Upon further 

cooling, ice crystallization continues and the concentration in the remaining solution increases 

until the eutectic point is reached. The solution is now also saturated with the salt and further 

cooling causes the simultaneous crystallization of both solids. The reverse process starts with the 

eutectic melting. In case of the frozen solution A, the salt dissolves completely in the eutectic melt, 

and upon further heating, ice melting continues until point B is reached. 

 
Figure 6−1. Equilibrium freezing and melting pathways of bulk CaCl2 solutions. Red lines: Starting from 
solution A with a concentration lower than the eutectic concentration. Green lines: Starting from solution 
C (concentration higher than eutectic concentration). Solid lines are freezing temperatures and solubilities 
of CaCl2·6H2O calculated with the model of Wang et al. (2024) which is based on critically evaluated freezing 
temperatures and solubilities. 



Chapter 6. Missing Eutectic Transition in the Electrolyte Solutions in Confinement  

60 

The freezing and melting process of a solution with a concentration higher than the eutectic 

concentration (solution C) is illustrated in Fig. 6−1b. In this case, the process starts with the 

crystallization of the crystalline salt (point D). Upon further cooling, the salt crystallizes 

continuously until the eutectic point is reached below which both solids crystallize (point E). The 

melting process of this mixture starts with complete ice melting at the eutectic temperature and 

partial dissolution of the salt. During subsequent heating, dissolution of the salt continues until 

point D is reached. A similar diagram for the phase transition pathway for NaCl solutions is shown 

in Fig. 6−2. 

       
Figure 6−2. Equilibrium freezing and melting pathways of bulk NaCl solutions. (a) Starting from solution A 
with a concentration lower than the eutectic concentration. (b) Starting from solution C (concentration 
higher than eutectic concentration). Solid lines are freezing temperatures and solubilities of NaCl·2H2O and 
NaCl calculated with Pitzer model (the parameters are provided in Section A2 of the Appendix), which is 
based on critically evaluated freezing temperatures and solubilities. 

A typical thermogram of a DSC heating scan of a frozen bulk 0.4 m CaCl2 solution yields two 

endothermic signals (Peaks 1 and 2) as illustrated in Fig. 6−3a. Peak 1 corresponds to the eutectic 

melting of the solid mixture of CaCl2·6H2O and ice at the eutectic temperature 50 °C 

(corresponding to point E in Fig. 6−1a). Peak 2 represents the temperature at which ice melting 

is complete (corresponding to point B in Fig. 6−1a). This latter transition is termed the ice melting 

temperature in the following discussion to distinguish it clearly from the eutectic point. It should 

be noted, however, that the eutectic melting Peak 1 represents a transition at a single temperature, 

thus, yielding a sharp peak. The peak width in a bulk solution is controlled essentially by the 

properties of the calorimeter and the heating rate. In confinement, the shape of the eutectic 

melting peak is controlled by the pore size distribution (Jähnet et al., 2008). In contrast, the ice 

melting Peak 2 represents the continuous process of ice melting along the line EB in Fig. 6−1a, 

starting right above the eutectic temperature and extending to the endpoint B, the temperature 

of which depends on the solution composition. 
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Figure 6−3. Melting curves of dilute CaCl2 (0.4 m) (a and b) and NaCl (0.1 m) solutions (c and d) both in 
bulk and in 8.1 nm SBA-15 (overfilling 150%); the total amount of solution was the same in the bulk 
measurement and in the experiment in confinement. 

DSC scanning of the same amount of the 0.4 m CaCl2 solution in an 8.1 nm SBA-15 sample with 

150% filling degree are shown in Fig. 6−3b. The overfilled confined solution also exhibits two 

thermal signals (Peak 3 and Peak 4) during the melting process. The higher temperature signal 

Peak 4 closely aligns with Peak 2 of Fig. 6−3a, representing the melting of bulk ice in the salt 

solution. However, compared to the Peak 1 (bulk eutectic point), Peak 3 is shifted significantly to 

higher temperature. This suggests that Peak 3 reflects the ice melting within the pore rather than 

the eutectic transitions, which are expected at 50 °C for the bulk solution (Peak 1) and at lower 

temperature in pore as discussed below. 

Similar results are observed in measurements with a dilute 0.1 m NaCl solution in bulk and in 

confinement (Figs. 6−3c and 6−3d). Peaks 5 and 6 represent the eutectic transition and the 

continuous ice melting, respectively, in the bulk solution, while the Peaks 7 and 8 correspond to 

ice melting occurring in the bulk and within the pore, respectively. Thus, in both experiments 

with rather dilute solutions, no signal of a eutectic transition is observed. Since the total amount 

of the CaCl2 and NaCl solutions were the same in the bulk and in confinement, these findings 

clearly confirm that the absence of a detectable eutectic transition in confined dilute solutions is 

a real effect rather than an experimental artifact due to limited sensitivity of the calorimetric 

measurement as suggested in a previous investigation (Koniorczyk and Bednarska, 2019).  

6.2.2 Influence of salt concentration 

The absence of the eutectic melting signal is only observed with dilute electrolyte solutions. In 

contrast, it is well known that more concentrated solutions yield eutectic melting signals that are 

shifted to lower temperature than the respective bulk eutectics (Meissner et al., 2016; Jantsch et 

al., 2019; Prause et al., 2020; Aristov et al., 1997). Figure 6−4 presents a systematic investigation 
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of the influence of solution concentration on the melting curves of frozen CaCl2 (Fig. 6−4a) and 

NaCl (Fig. 6−4b) solutions in SBA-15 with pore sizes 9.4 nm and 8.5 nm, respectively. To ensure 

complete pore impregnation, all host materials were treated with a solution volume of 150% of 

the pore volume, resulting in composites that include both bulk and confined solutions. 

Consequently, the melting curves incorporate phase transition signals from the bulk phases 

(indicated by blue arrows and blue dashed lines) and the confined solutions (indicated by red 

arrows and blue dashed lines).  

 
Figure 6−4. The melting curves of CaCl2 solutions (a) in 9.4 nm SBA-15 with molalities 0−6.0 m and NaCl 
solutions (b) in 8.5 nm SBA-15 silica with molalities 0−6.1 m (overfilling 150%). The dashed red line and 
blue lines indicate in-pore and bulk eutectic points, respectively; Red and blue arrows are drawn to guide 
the eyes along the endpoints of the ice melting in pore and in bulk, respectively. 

The influence of salt concentration on the melting process of the frozen CaCl2 and NaCl solutions 

follows a similar pattern with distinct behavior observed in both the low and the high 

concentration regions. For CaCl2, the melting curves for concentrations at 1.5 m and below show 

only two endothermic peaks, corresponding to the ice melting in the bulk phase and in the 

confined solution. The temperature of both peaks decreases with increasing concentration as 

illustrated by the blue and red arrows in Fig. 6−4a. The temperature decrease illustrated by the 

arrows reflects the influence of concentration on the ice melting temperature as shown in Fig. 

6−1a. The shift between the ice melting temperatures in pore (red arrow) and in the bulk (blue 

arrow) reflects the decrease in the melting temperatures due to the limited size of the ice crystals 
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in confinement. Notably, no eutectic transition is detected in either bulk phase or in the confined 

solution at these concentrations.  

At high concentrations (2.2 m and above), two endothermic peaks at approximately −67 °C 

(dashed red line) and −50 °C (dashed blue line) indicate eutectic melting in confinement and in 

the bulk, respectively. It should be noted that the bulk eutectic temperature is represented by the 

peak onset temperature in DSC while the eutectic temperature in confinement is better 

represented by the peak maximum (Jähnet et al., 2008). A significant depression of the eutectic 

melting temperature due to the confinement effect is evident, independent of salt concentration. 

The smaller peaks (illustrated by the green circles in Fig. 6−4a) above the bulk eutectic 

temperature correspond to continuous salt dissolution which follows the pathway illustrated in 

Fig. 6−1b (along line ED) at concentrations above the eutectic concentration (e.g., 4.5 m and 6.0 

m in Fig. 6−4a). Overall, the salt concentration, which primarily controls the total amount of ions 

in the pore, has a significant impact on the appearance of the eutectic transitions. 

It is notable that the ice melting peak of the confined solutions does not appear in the 

thermograms. This absence is attributed to ion diffusion and exchange between solutions inside 

and outside of the pore during the freezing process, thus, leading to salt fractionation and a final 

ice–salt mixture composition in the pores that matches the eutectic composition (Meissner et al., 

2016). If crystallization in the bulk solution starts with the precipitation of ice (i.e., at 

concentrations below the eutectic as in Fig. 6−1a), there is a rapid increase in concentration 

resulting in inward diffusion. If, on the other hand, crystallization starts with the precipitation of 

CaCl2·6H2O, the concentration decreases resulting in diffusion outward. In either case, the 

concentration within the pore approaches the eutectic concentration. As a result, thermal signals 

of ice melting or salt dissolution within the confined solutions do not appear. As shown in Fig. 

6−5, cooling a solution at composition A, the freezing point of the bulk solution outside the pore 

is reached at point B. The segment BE represents a continuous freezing process in which ice 

crystallizes out from the bulk solution. This crystallization leads to an increase of the salt 

concentration in the remaining liquid. The resulting concentration gradient triggers diffusion of 

ions which are transported into the pore. Due to ongoing ice precipitation outside and diffusion 

inwards, the salt concentrations continuously approaches the eutectic composition both in the 

external solution and within the pore and ice formation occurs exclusively in the bulk during this 

initial stage. As temperature and salt molality shifts to point E, the eutectic point of the bulk 

solution is reached, where both ice and salt begin to crystallize simultaneously in the bulk phase. 

At this stage, the salt concentration in the confined solution equals the eutectic concentration of 

the bulk. In confinement, due to the limited crystal sizes, both the freezing curves and the 

solubility curve of the salt are shifted to lower temperatures as shown by the two dotted lines. 
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There intersection is the eutectic point F within the pore. Thus, upon decreasing the temperature 

from the bulk eutectic temperature E to the eutectic temperature F within the pore, eutectic 

crystallization also occurs in the pore, involving the simultaneous formation of ice and salt. 

Consequently, the salt-to-ice ratio in the pore at this point (i.e., eutectic composition) differs 

significantly from the initial composition of the solution. 

 
Figure 6−5. Freezing pathway of the salt solution within the overfilled pores. This diagram indicates that 
the final ice−salt mixture in the pore is as same as the eutectic concentration, resulting in the absence of ice 
melting behavior in the pore. 

During the reverse melting process, liquefaction begins in the pore at point F, corresponding to 

the complete eutectic melting of the salt–ice eutectic mixture within the pore, leaving no residual 

solid in the confined space. As the temperature further increases, eutectic melting in the bulk 

solution occurs at point E, followed by continuous ice melting along path EB, which is complete 

at point B.  

This melting process results in three distinct thermal events: (1) the eutectic melting in the pore, 

(2) eutectic melting in the bulk phase, and (3) ice melting in the bulk phase, which corresponds 

to three peaks in the thermograms observed in the melting curves of solutions with higher 

concentrations (but below the eutectic molality), e.g. the 3.2 m CaCl2 solution and the 3.0 m NaCl 

solution, respectively, shown in Fig. 6−4. Notably, due to the exchange of water molecular and 

ions between the pore and the bulk, the continuous ice melting process (following line BE) is not 

observed within the confined space. For initial concentrations above the eutectic composition, 

the freezing process starts with the precipitation of salt resulting in a decreasing concentration a 

diffusion outward. However, also in this case, the concentration approaches the eutectic both in 

pore and in the bulk. Apart from the two eutectic signals, the third thermal signal represents then 

the continuous dissolution of the salt as illustrated in Fig. 6−4 for the very concentrated solutions 

(4.5 m and 6 m CaCl2 and 6.1 m NaCl). 
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Similarly, eutectic transitions are observed only in concentrated NaCl solutions and are absent in 

dilute solutions, as shown in Fig. 6−4b. The molality threshold for the absence of the eutectic 

transition in confined NaCl solutions (≤ 0.5 m) is notably lower than in case of CaCl2 (≤ 2.2 m), 

indicating a stronger influence of confinement on the phase behavior of the CaCl2 solution. This 

disparity is likely due to the stronger interaction between the ions and the pore wall. It is well 

established that that the highly polarized silica-solution interface is negatively charged, primarily 

resulting from the deprotonation of the silanol group upon contact with solutions (Salis et al., 

2010; Yang et al., 2020). The deprotonation equilibrium and the surface charge density are 

affected by both pH and salt concentration. According to the classic Poisson-Boltzmann (PB) 

theory, this results in the formation of an electrical double layer (EDL) characterized by 

counterion accumulation and co−ion depletion (Israelachvili, 2011). Ion enrichment near the 

interface has been well investigated by Monte Carlo and molecular dynamics simulation, showing 

significant ion accumulation within a layer of approximately 1 nm from the pore wall (Argyris et 

al., 2010; Freund, 2002; Qiao and Aluru, 2003; Yang et al., 2002; Wang et al., 2023b). 

Based on these insights, we propose that ion accumulation in the interfacial layer at the pore walls, 

where the first-order phase transition disappears, leads to significant depletion of ions in the core 

solution resulting in the absence of the eutectic transition. The ion enrichment behavior is likely 

sensitive to the ionic charge, as the electrostatic attraction between the negatively charged pore 

wall and a bivalent cation (Ca2) is stronger than with a monovalent cation (Na). This stronger 

interaction leads to a higher capacity for divalent ions to accumulate in the interfacial layer, 

thereby explaining why the eutectic transition in confined CaCl2 solutions occurs only at higher 

concentrations compared to NaCl. 

In the present experiments with dilute solutions, the limited number of ions is insufficient to 

saturate the interfacial layer. Thus, all available ions are consumed completely leading to the 

absence of salt crystallization and eutectic transition. In contrast, in the more concentrated 

solutions, there is sufficient supply of ions to saturate the interfacial layer and the excess 

bulk−like ions in the core solution crystallize at the eutectic point.  

6.2.3 Influence of pore filling degree and pore size 

The key factor influencing the phase behavior of the confined solution is thus the total amount of 

ions present, rather than the apparent salt concentration. In addition to the initial concentration, 

the total reservoir of dissolved ions is also controlled by both pore size and the degree of pore 

filling. Figure 6−6 illustrates the heat flow curves during melting of frozen CaCl2 and NaCl 

solutions in SBA-15 and MCF silica with different pore size and overfilling degree. Red and black 

curves represent DSC scans with and without detection of the eutectic transition, respectively. As 
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shown in Fig. 6−6a for 8.5 nm pores impregnated with an 0.8 m CaCl2 solution at pore filling 

degrees of 150%, 450%, and 750%, the in−pore eutectic transition is observed only in the 750% 

overfilled sample but not in the other two samples. A similar effect of pore filling degree on the 

eutectic transition is also obvious in the NaCl samples as shown in Fig. 6−6e. The bulk solution 

connected to the pores serves as a reservoir ensuring supply with a sufficient amount of ions to 

fill the interfacial layer while still maintaining a sufficiently high concentration in the core to 

observe the eutectic transition. A few experiments were carried out with dilute NaCl solutions 

and pore fillings below 100%. The resulting DSC scans revealed only a single broad ice melting 

peak and, as expected, no signal for the eutectic transition. Therefore, further experiments with 

low pore fillings were not conducted. 

 
Figure 6−6. Heat flow curves during melting of CaCl2–H2O (a–d) and NaCl–H2O (e–h) in SBA-15 silica (7.0–
11.7 nm) and a siliceous mesostructured cellular foam (MCF, 20.6 nm) with different pore sizes and pore 
filling degrees (150%–750%).Vertical dashed lines: the bulk eutectic points; blue areas: the regions where 
the signal of the eutectic transition in the confined solution is expected; red and black curves: measured 
thermograms with and without detection of the eutectic transition, respectively. 

Finally, alongside with salt concentration and pore filling degree, pore size is the third factor 

affecting the total amount of salt in the confined solution. Figures 6−6b to 6−6d compare the 

melting curves for different pore sizes at constant pore filling degree. At 150% pore filling, the 

eutectic transition occurs only in the 20.6 nm pore and is absent in the smaller pores (11.7 nm 

and 8.5 nm). At 750% pore filling, the eutectic transition is observed in the 11.7 nm but not in the 
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8.5 nm pore. Similar behavior is shown for NaCl solutions in Figs. 6−6f to 6–6h. Notably, in some 

cases where a peak for the eutectic transition in the pore is observed (indicated by the red curves), 

the expected eutectic melting signal of bulk solution did not appear. Instead, signals (marked with 

green circles) are detected at temperature deviating from the bulk eutectic point, as seen in Figs. 

6−6d, 6−6g, and 6−6h. As illustrated in Fig. 6−1, ice melting in the salt solution is a continuous 

process over a temperature range, typically producing a broad thermal peak. In contrast, the 

eutectic transition take place at a fixed temperature and is characterized by a sharp, distinct peak. 

Therefore, these unidentified signals are assigned to the ice melting in the confined salt solution, 

as their broad profiles, as discussed before, are characteristic of gradual thermal events, such as 

ice melting above the eutectic in the electrolyte solutions. This indicates that the final ice–salt 

mixture composition within the pore has a lower salt content than the bulk eutectic mixture, even 

if all ions diffuse into the pore from the bulk solution.  

6.2.4 Ion accumulation in the pore 

To further analyze the ion enrichment in the interfacial layer semi−quantitively, the 

concentration of CaCl2 in this region was calculated based on the following assumptions: (1) the 

thickness of the interfacial layer is 0.6 nm, consistent with that of pure water, (2) the density in 

this region is same as in the core solution, (3) all ions accumulate in the interfacial layer, leaving 

the pore core devoid of ions, and, (4) the total capacity of this layer is limited and the average 

concentration does not exceed the eutectic molality of 4 m. Given the cylindrical geometry of SBA-

15, the volume fraction of the interfacial layer can be expressed by the following equation 

𝑓୚ = ௏೔
௏ౌ

= 1 − ቀ௥౦ି௧
௥

ቁ
ଶ

                                                             (6−1) 

where Vi is the volume of the interfacial layer, VP is the pore volume, rp is the pore radius and t is 

thickness of the interfacial layer, assumed to be 0.6 nm. 

Assuming that all ions preferentially accumulate within the interfacial layer, the local salt molality 

mi in this region can be estimated by: 

𝑚௜ = ௠బ
௙౒

                        (6−2) 

where m0 is the starting molality of the salt solution, i.e., the molality averaged over the entire 

pore volume. 

The calculated results, shown in Fig. 6−7a, display the volume fractions of the interfacial layer 

(black curve) and the core (grey curve) as a function of pore diameter. The decrease in the volume 

fraction of the core solution with decreasing pore size results in a diminished influence of 
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bulk−like ions in the core on the overall properties of the system making the interfacial ions 

predominant for pore sizes below 4 nm (the intersection of black and grey curves). In such small 

pores and at low to moderate concentrations, the interfacial layer remains unsaturated even after 

collecting all ions from the core solution. The dashed lines represent the interfacial layer 

concentration as a function of pore size at specific initial solution molalities and 100% pore filling. 

The intersections of the dashed lines with the blue area boundary, thus, the maximum 

concentration in the interfacial layer, marked by red, blue and green circles, yield the threshold 

pore sizes at which the interfacial layer just reaches saturation at the given initial molalities. At 

this moment in time, all ions are consumed to fill up the interfacial layer and the core consists of 

pure water. For a 0.4 m CaCl2 solution, the threshold pore size is 23.5 nm in reasonable agreement 

with our measurements for the 20.6 nm pore size. 

 
Figure 6−7. (a) Volume fractions of the interfacial layer (solid black curve) and the core (solid grey curve), 
concentration in the interfacial layer for initial molalities of 0.4 m (dashed green curve), 0.8 m (dashed blue 
curve), and 1.5 m (dashed orange curve). (b) Salt concentrations in the interfacial layer for pore sizes of 5.9 
nm (solid black line: 150% pore filling and dashed black line: 300% pore filling), 9.4 nm (solid orange line: 
150% pore filling and dashed orange line: 300% pore filling), and 20.6 nm (solid green line: 150% pore 
filling). Blue area: the unsaturated interfacial layer region (concentration in the interfacial layer below 
eutectic). 

Figure 6−7b illustrates the relationship between the concentration in the interfacial layer and the 

initial salt molality for fixed pore sizes and pore fillings. The minimum concentrations at which 

the interfacial layer reaches saturation at these pore sizes and pore fillings are marked by the 

green, orange, and black symbols at the upper boundary of the blue area. Only if the initial 

concentration exceeds these values, dissolved ions remain in the core solution. For example, the 

limiting concentrations are 0.3 m and 0.64 m for 20.6 nm and 9.4 nm pores at 150% filling, 

respectively. An increase in the pore filling degree promotes the saturation of the interfacial layer 

even at low concentration as shown in Fig. 6−6b for two different pore sizes (open and filled 

symbols in Fig. 6−7b).  
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The role of the interfacial layer in the freezing process of dilute solutions within nanopores is 

illustrated schematically in Fig. 6−8. In a confined solution with a limited reservoir of dissolved 

ions, such as in a small pore, at low concentration, or at low pore overfilling, the ions are 

exclusively present within the unsaturated interfacial layer and the core of the pore consists of 

pure water (or an extremely dilute solution). Thus, only ice crystallizes in the core resulting in 

the absence of a eutectic transition (Fig. 6−8a). Conversely, in confined solutions with a 

sufficiently large reservoir of ions which can be achieved by larger pore sizes, higher 

concentrations or larger overfilling, as shown in Figs. 6−8b, c, d, the interfacial layer becomes fully 

saturated and an excess of ions remains in the core solution resulting in the eutectic transition 

within the core of a nanopore. 

 
Figure 6−8. Schematic illustration of the freezing of electrolyte solutions in pores. Absence of a eutectic at 
very low concentrations (a) and formation of a eutectic at larger concentration (b), by increasing the pore 
size (c) or at larger overfilling (d). Pore sizes: d2 > d1; concentrations: m2 > m1. 

6.3 Conclusion 

In summary, anomalous phase behavior of CaCl2 and NaCl solutions in nanoconfinement was 

observed, specifically, the absence of a eutectic transition at low concentrations. This study is the 

first to report how the eutectic transition of confined dilute solutions is controlled by 

concentration, pore size and pore filling degree. The findings suggest that strong ordering and 

preferential enrichment of dissolved ions in the interfacial layer and the resulting depletion of 

ions in the core solution results in the absence of salt crystallization. Formation of crystalline salt 

and the eutectic transition only occur when bulk−like ions remain in the core solution, thus, if the 

interfacial layer is fully saturated. The saturation of the interfacial layer depends on the total ion 

content, which is determined by three factors: salt concentration, pore size, and pore filling 
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degree. The measurements presented in this work provide solid experimental evidence for the 

strong accumulation of dissolved ions in the interfacial layer. Furthermore, the temperature 

depression of the ice melting and eutectic point of electrolytes in nanopores and its pore size 

dependence are worth further quantitative analysis, as they are significantly affected by the ice–

solution interfacial energy (Steiger, 2006). This discussion will be extended in a subsequent paper 

that integrates experimental results with a thermodynamic model. Ion diffusion from the bulk 

solution into the confined space holds potential for practical applications, such as desalination 

and enhancing oil recovery (Wang et al., 2018; Fang et al., 2021). Their findings provide 

experimental evidence supporting our interpretation of ion accumulation in the interfacial layer 

and ion exchange between the solution inside and outside the pore. 
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Chapter 7. Phase equilibria of aqueous electrolytes in porous 

silicas 

Numerous studies have been conducted to investigate the phase transformations among water 

vapor, liquid solution, ice, and salts by fluctuations in temperature and vapor pressure. These 

studies have demonstrated that chlorides, perchlorates, and their mixtures significantly broaden 

the stability range of the liquid phase (Gough et al., 2011, 2014; Primm et al., 2017). It has been 

suggested that perchlorate brines can temporarily form on the Martian surface during daytime, 

either through melting of ice−salt mixtures or the deliquescence of salt particles (Nuding et al., 

2014; Toner et al., 2015a). However, whether such brine can persist under Martian conditions 

remains still uncertain.  

Recent studies have indicated that the liquefaction threshold of water is significantly lowered in 

nanopores compared to the bulk phase (Jähnert et al., 2008). Given that Martian regolith is a 

natural porous medium with pore sizes ranging from nanometer to micrometer, confinement 

effects become highly relevant. Magnesium perchlorate solutions mixing with soil have been 

found to exhibit a eutectic temperature lower than those of the bulk solution (Shumway et al., 

2021, 2023). Similarly, salt−soil mixtures are expected to undergo deliquescence at lower 

humidites. These confinement-induced modifications to the phase behavior of salt solutions 

further enhance the likelihood of the stable presence of liquid water on Mars.  

On the other hand, atmospheric aerosol nanoparticles, including NaCl and (NH4)2SO4, also display 

unique phase behavior compared to their bulk counterparts. Previous studies conducted by my 

colleague Tanya Talreja-Muthreja have investigated the deliquescence of NaCl and (NH4)2SO4 

nanoparticles in porous silicas (Talreja-Muthreja et al., 2022; Talreja-Muthreja and Steiger, in 

preparation). Building on this work, the present Chapter also includes experiments on the melting 

behavior of NaCl and (NH4)2SO4 solutions under nanoscale confinement.  

In this Chapter, porous silica materials (SBA-15 and MCM-41) were employed to create confined 

environments for the salt solutions and crystals. The deliquescence relative humidities (DRH), 

melting points, and eutectic points of several salts in confinement were investigated through 

calorimetry and water vapor sorption analysis. Additionally, Raman spectroscopy was utilized to 

monitor and identify the phase transformations over the investigated temperature range. 

7.1 Experiments 

Calorimetry: Porous materials were impregnated with pure water or salt solutions (NaCl, MgCl2, 

CaCl2, NaClO4, Mg(ClO4)2, Ca(ClO4)2, and (NH4)2SO4) at varying concentrations. To prevent the 

inhibition of water freezing and salt crystallization in unsaturated pores (Prause et al., 2019), the 
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solution to pore volume ratio was maintained approximately 150% of the total pore volume of 

host materials (Vsol  Vpore × whost × 1.5). The thermal behavior of the confined solutions during 

freezing and melting was measured using a calorimeter, with a scanning rate of 0.1 K·min−1 for 

both cooling and heating cycles. The temperature scanning begins at 25 °C and proceeds down to 

a final temperature between −50 °C to −150 °C, depending on the specific sample, for example, 

−50 °C for pure water and −150 °C for Ca(ClO4)2 solution.  

Water vapor sorption analysis: To ensure complete loading of the solution into the pores, 

two−solvent method (Prause et al., 2019) was employed in the preparation of porous silica salt 

composites (PSSC). The porous silicas, with pore sizes ranging from 3.8–20.6 nm, were pre-dried 

at 200 °C for 48 hours to remove any adsorbed water molecules. After cooling to room 

temperature in the desiccator, a specific amount of solution, calculated based on the pore volume 

and the amount of host material (Vsol  Vpore × whost × 0.95), was added to approximately 200 mg 

porous silica. The concentration of the chlorides (KCl, MgCl2, and CaCl2), perchlorates (NaClO4, 

Mg(ClO4)2, and Ca(ClO4)2), and (NH4)2SO4 solutions are listed in the Table 7−1.  

Table 7−1. Salt concentrations applied in the preparation of porous silica−salt composites. 

Salt KCl MgCl2 CaCl2 NaClO4 Mg(ClO4)2 Ca(ClO4)2 (NH4)2SO4 

m / mol·kg−1 4.2 2.8 4.0 9.8 3.4 4.2 5.0 

The pore filling degree was kept below 95% to avoid the presence of bulk solution outside the 

pores. The porous silica with aqueous solution was then dispersed in 5 mL n-hexane, and the 

milky mixture was shaken for 2 hours to ensure efficient mixing. Afterward, the silica−aqueous 

solution suspension was obtained by slow evaporation of the n-hexane at room temperature. 

Finally, the sample PSSCs were dried at 200 °C to constant weight. 

After cooling to room temperature in a desiccator containing a silica gel drying agent, the 

dehydrated PSSCs were transferred to the water vapor analyzer (SPSx−1µ, ProUmid GmbH, 

Germany). The water vapor sorption data of approximate 50 mg PSSC samples were collected 

under controlled humidity conditions at 25 °C, with the relative humidity incremented by 1% 

over a range from 0% to 95%. At each humidity step, sorption equilibrium was considered 

achieved when the weigh change within 30 mins was less than 1.5%, with a maximum allowable 

time of 50 hours per step. Prior to each measurement, the PSSC samples were dried at 60 °C under 

a pure nitrogen atmosphere to remove any adsorbed water accumulated during sample 

preparation. 

Raman spectroscopy: Raman spectra were recorded using a Senterra Raman dispersive 

microscope (Bruker Optics GmbH, Germany) equipped with an automated Raman frequency 
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calibration system (SurCal technology) and a CCD detector. The system was coupled with a BX51 

microscope fitted with Plan M 10 and LMPlanFL N 20 lenses (Olympus, Germany). The laser 

was operated at a wavelength of 532 nm (frequency doubled Nd:YAG laser) at 20 mW, with an 

integration time of 5 seconds per acquisition. Spectra were collected by summing up ten spectra 

at the same spot, covering the range from 1520–3700 cm–1 (co−addition mode). Temperature and 

relative humidity were controlled using a THMS600 stage (Linkam Scientific Instrument, UK). A 

continuous airflow with controlled RH at a rate of 500 mL·min–1 was provided by a humidity 

generator (MHG32, ProUmid GmbH, Germany), ensuring sufficiently rapid gas exchange rates and 

maintaining stable RH conditions inside the THMS600 stage. Liquid nitrogen was utilized to 

achieve sub–zero temperatures during the Raman spectroscopy measurements, with a cooling 

rate of 2 °C·min–1. The spectra of Ca(ClO4)2·4H2O, a Ca(ClO4)2 solution, (NH4)2·SO4(cr), and an 

(NH4)2·SO4 solution was examined over a temperature range from 25 °C to –100 °C to investigate 

their phase behavior under cryogenic conditions. 

7.2 Results and Discussion 

To better understand the phase behavior of salt solution under varying temperature and 

humidity, the bulk phase diagrams for all the measured binary salt solution are presented in Fig. 

7−1.  

 
Figure 7–1. Phase diagram of the salt (NaCl, KCl, MgCl2, CaCl2, NaClO4, Mg(ClO4)2, Ca(ClO4)2, and (NH4)2SO4) 
+ water systems, obtained by ion-interaction thermodynamic models. The configuration and parameters of 
the Pitzer model for the binary systems, NaCl−H2O and CaCl2−H2O are presented in Section A1 and A2 of 
Appendix. The parameters of KCl−H2O, MgCl2−H2O, and (NH4)2SO4−H2O have been reported in previous 
publications of our research group (Steiger et al, 2008a; Steiger et al., 2011; Talreja−Muthreja and Steiger, 
2025), and the model parameters for the binary NaClO4−H2O system were taken from the molality-based 
model of Toner et al. (2016). For the binary alkaline earth perchlorate systems Mg(ClO4)2−H2O and 
Ca(ClO4)2−H2O, the mole fraction based models of Li et al. (2022) were used.  
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These diagrams illustrate the equilibrium solid phase during eutectic freezing and deliquescence 

transitions. Specifically, the salt corresponding to the eutectic points are NaCl·2H2O, KCl, 

MgCl2·12H2O, CaCl2·6H2O, NaClO4·2H2O, Mg(ClO4)2·6H2O, Ca(ClO4)2·6H2O, and p-(NH4)2SO4. For 

deliquescence at 25 °C, the corresponding salts are KCl, MgCl2·6H2O, CaCl2·6H2O, NaClO4·H2O, 

Mg(ClO4)2·6H2O, and Ca(ClO4)2·4H2O. 

7.2.1 Melting behavior of pure water in confinement 

Freezing and melting isotherms of ice in 8.1 nm SBA-15 as well as the melting isotherms of ice 

confined within porous silica materials with pore size ranging from 3.8–20.6 nm, are presented 

in Fig. 7−2a and Fig. 7−2b, respectively.  

     

Figure 7–2. (a): Freezing and melting curves of ice in 8.1 nm SBA-15; (b): Melting curves of ice confined 
within nanopores of various diameters. 

As described previously, all host materials were impregnated with excess solution, resulting in 

the formation of ice in both bulk phase and within the nanopores. Figure 7−2a shows two signals 

in both freezing (blue) and melting (red) curves, corresponding to phase transitions occurring in 

bulk phase (P1 and P4) and within the confined space (P2 and P3), respectively. Compared with the 

melting curve, the consistent shift of the observed transition to lower temperatures during the 

freezing process is attributed to the presence of a nucleation barrier, which delays the onset of 

ice formation. The melting point of bulk water was determined by the onset temperature of the 

endothermic peak, while for confined water, the peak maximum was used. This distinction arises 

because the shape of the melting peak for confined water is strongly influenced by the pore size 
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distribution of host material, and the peak maximum corresponds to the most probable pore size 

as shown by Jähnert et al. (2008). In the thermograms of Fig. 7−2b, the peaks at higher 

temperature, labelled by the blue line, corresponds to the melting of bulk ice. These peaks 

consistently onset at approximately 0 °C and are independent of pore size. In contrast, the peaks 

on the left shift to lower temperatures as the pore diameter decreases, reflecting the stronger 

confinement effects in smaller pores. 

The essence of the confinement effect lies in the influence of the interfacial molecules on the 

thermodynamic behavior of the entire system. Due to the loss of chemical bonding in the outward 

direction, the interfacial layers exhibit distinct thermodynamic properties compared to the 

interior (bulk−like) molecules. Therefore, a bulk material can be regarded as a combination of an 

interfacial layer and a bulk−like core. As illustrated in Fig. 7−3, the volume fraction of the 

interfacial molecules is negligible with only 0.24% for the large particle (e.g., 1 µm) but increases 

significantly as the particle size approaches the nanometer scale, reaching approximately 12% 

for a 20 nm particle and 42% for a 5 nm particle. This increase in the fraction of interfacial 

molecules leads to divergence in thermodynamic properties between nanoconfined systems and 

bulk phase.  

 

Figure 7−3. The volume fraction of an interfacial layer of thickness 0.6 nm (blue layer) in spherical particles 
with diameters 1 µm, 20 nm, and 5 nm. 

In the experiments of this dissertation, ice melting signals were observed for all porous silica 

samples with pore size ranging from 3.8 nm to 20.6 nm. However, literature reports (Yoshida et 

al., 2008; Jähnert et al., 2008; Findenegg et al., 2008) indicate that when the pore size drops below 

approximately 2.5 nm, freezing and melting peaks are no longer detectable by differential 

scanning calorimetry (DSC). Furthermore, both melting enthalpy and the thermal hysteresis 

between freezing and melting decreases with decreasing pore size, eventually approaching to 

zero when extrapolated to around 2.8 nm (Kittaka, 2006; Findenegg et al., 2008). This loss of 

enthalpy and hysteresis is interpreted as evidence for the disappearance of first−order phase 

transition under extreme confinement (Findenegg et al., 2008). Furthermore, the suppressed 

freezing and melting transitions reflect the structural similarity between the liquid and solid 

phases of water within smaller pores at low temperatures. Interestingly, nuclear magnetic 
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resonance (NMR) spin−echo measurements still reveal a transition from low to high water 

mobility even in pores as small as 2.5 nm, suggesting a form of melting despite the absence of a 

detectable thermal signal (Jähnert et al., 2008). This phenomenon is attributed to the dominant 

contribution of interfacial water molecules, which exhibit slower dynamics than the bulk−like 

core water but do not produce a conventional calorimetric signal.  

7.2.2 Melting behavior of the frozen NaCl and CaCl2 solution in confinement 

In the Fig. 6−4 (Chapter 6), we presented the melting curves of the frozen NaCl and CaCl2 solutions 

in porous silica at various initial concentrations. Here, their melting and eutectic points are 

compiled in the phase diagram of Fig. 7−4.  

        
Figure 7–4. (a): Phase diagram of NaCl solution and its melting eutectic points in 8.5 nm SBA-15; (b): Phase 
diagram of CaCl2 solution and its melting eutectic points in 9.4 nm SBA-15. peak maximum of the thermal 
signals was used to determine the melting and eutectic temperatures confined solutions, while the offset 
and onset of the thermal signals were used to determine the melting point and eutectic in the bulk solution. 

For both systems, the confined solutions exhibit a clear downward shift in both melting and 

eutectic points relative its bulk phases. As expected, the depression of the eutectic temperatures 

in the nanopores is independent of concentration, underscoring the impact of confinement on the 

phase behavior of electrolyte solutions. As discussed in Chapter 6, the absence of a eutectic 

transition in dilute solutions can be explained by the redistribution of ions between the intra-

pore and extra-pore solutions. This diffusion, coupled with the preferential accumulation of ions 

in the interfacial layer near the pore wall, alters the local composition and effectively suppress 

the eutectic crystallization pathway.  

7.2.3 Eutectic points of frozen salt (NaCl, NaClO4, MgCl2, and CaCl2) solutions in confinement 

This study aims to investigate the lowest temperature at which liquid water or brine solutions 

can stably exist, which corresponds to the eutectic point. Thus, the confinement effect on eutectic 

transition of salt solution was examined more closely. Figure 7−5 presents the melting curves of 

5.2 m NaCl and 9 m NaClO4 solutions (bulk eutectic concentration) in silica materials of varying 
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pore sizes. As with pure water, the eutectic point in the bulk phase is determined by the onset 

temperature of the melting peak, whereas for the confined solutions, the peak maximum is used 

due to peak broadening caused by the pore size distribution. As illustrated by the blue dashed 

lines in Fig. 7−5, the endothermic peaks at −20 °C correspond to bulk eutectic melting of NaCl 

solutions, whereas the bulk eutectic temperature of bulk NaClO4 solution is observed at −33 °C. 

In both systems, additional peaks at temperatures lower than the bulk eutectic point, indicated 

by the red arrows, represent eutectic transitions occurring within nanopores. Similar with the 

phase behavior of confined pure water, the eutectic temperature decreases with decreasing pore 

diameter, and no eutectic transition is not detected in the pore of 3.8 nm. This absence is most 

likely attributable to the severe spatial constraints imposed on nucleation and subsequent crystal 

growth in such confined geometries.   

     
Figure 7–5. Melting curves of NaCl (a) and NaClO4 (b) solutions confined within nanopores of various 
diameters, the corresponding solid phases at eutectic point are ice−NaCl·2H2O and ice−NaClO4·2H2O, 
respectively. Red dashed arrows: visual guide indicating the eutectic points in nanopores; blue dashed lines: 
eutectic points of the corresponding bulk solutions. 

Comparing the melting temperatures in Fig. 7−2b and Fig. 7−5, the presence of NaCl and NaClO4 

enables the liquid phase to persist at lower temperature. This is because ion hydration destroys 

the local tetrahedral structure of cold water, which is a prerequisite for ice nucleation (Tu et al., 

2019). Clearly, nanoconfinement also significantly affects the eutectic transition, a coupled 

process of ice formation and salt crystallization. An exception is observed in the 3.8 nm pore, 

where no thermal signals were detected below the bulk eutectic temperature. Only the bulk 

eutectic peak at −20 °C appears, indicating the absence of a first−order phase transition within 
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the confined solution. This aligns with observed behavior of pure water in the literature, where 

freezing and melting transitions disappear below 2.5 nm pore diameters (Jähnert et al., 2008), 

though the critical threshold is slightly higher in the saline system. Molecular dynamics 

simulation by Chen et al. (2024) showed that the structure of dissolved ions in the saturated 

aqueous nanodroplet closely resembles the crystal structure of NaCl nanoparticles, with 

convergence occurring at 0.51 nm (Chen et al., 2024). This highlights the blurring of the boundary 

between liquid and crystalline phase at sub−nanometer scale. In this study, the extremely low 

temperatures further restrict molecules mobility and diffusion, inhibiting the occurrence of 

crystallization. 

The pore size dependence of eutectic temperatures of CaCl2 and MgCl2 solutions is shown in Fig. 

7−6. In both systems, the eutectic temperature decreases with decreasing pore size. Notably, 

eutectic transitions are no longer observed for CaCl2 in the 5.9 nm pores and for MgCl2 and the 

3.8 nm pores, indicating a lower critical pore size for eutectic crystallization in the confined phase. 

An anomalous result is observed in the MgCl2 solution in 11.7 nm SBA-15. In this case, the eutectic 

transition signal from the bulk phase is absent. Instead, a higher−temperature endothermic peak 

appears, likely corresponding to ice melting or salt dissolution within the pores (marked by the 

orange circle in Fig. 7−6b). This suggests that nearly all ions have aggregated and crystallized 

inside the pore, leaving insufficient salt in bulk phase to form a eutectic mixture. This behavior is 

likely influenced by strong supercooling during the freezing process. Supporting this 

interpretation, the corresponding freezing curve in Fig. 7−7a display a strong exothermic peak at 

−57 °C and a weaker peak at −51 °C corresponding to the eutectic freezing in the pore and in bulk 

phase, respectively, which are lower than the eutectic melting points of both bulk and confined 

solutions. This indicates the ice and salt crystallized simultaneously in both environments, rather 

than undergoing sequential crystallization as typically expected. The rapid freezing dynamics 

complicates the prediction of final salt distribution between bulk and confined phases. However, 

the thermal signature suggests that only a small amount, if any, of salt remained in the bulk phase.  

In smaller pores, such as 5.9 nm SBA-15 for CaCl2 solutions, the melting behavior closely 

resembles that of NaCl solution confined within 3.8 nm MCM-41, with only a single endothermic 

peak near the eutectic temperature of the bulk solution and a missing signal for the in-pore 

eutectic transition. This means that the missing eutectic is not only observed in dilute solutions 

and intermediate pore sizes but also in concentrated solutions and small pores. Similar 

observation was reported in the literature for other systems (Jantsch et al., 2019; Malfait et al., 

2020). 
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Figure 7–6. (a): Melting curves of a 4 m CaCl2 solution confined in nanoporous silica of various pore size, 
the corresponding solid phases at eutectic point are ice and CaCl2·6H2O; (b): Melting curves of a 2.8 m MgCl2 
solution under similar confinement conditions, the corresponding solid phases at eutectic point are ice and 
MgCl2·12H2O. Red dashed arrows: visual guide indicating the eutectic points of MgCl2 and CaCl2 solutions 
in nanopores; blue dashed lines: eutectic points of the corresponding bulk solutions. 

     
Figure 7–7. (a): Freezing curve of a 2.8 m MgCl2 solution within 11.7 nm SBA-15; (b): Freezing and melting 
isotherms of a 6.0 m CaCl2 solution within 9.4 nm SBA-15.  

To assess the specific ion effect on phase behavior under confinement, Figure 7–8a compares the 

eutectic points of various salt solutions confined within 3.8−20.6 nm pores. In all systems, the 

eutectic temperatures decrease with decreasing pore size and are consistently lower than the 

melting point of pure water in pores of the same size. Notably, bulk NaClO4 and MgCl2 solutions 

exhibit similar eutectic melting temperatures (–33.3 °C and –32.0 °C, respectively), and their 

confined eutectic points are also comparable, as indicated by the blue and red squares. Figure 7–
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8b summarizes the depression of the eutectic melting points (T), defined as the difference 

between eutectic temperatures in bulk (Tm,bulk) and in confinement (Tm), against pore size. While 

there is only a slight dependence on salt type for the same pore size, a clear trend still emerges 

for T: H2O < NaCl < MgCl2/NaClO4 < CaCl2. This sequence indicates that salts with lower bulk 

eutectic points experience larger temperature depression when confined. Moreover, the 

minimum pore size at which a eutectic signal is detectable depends on the salt: 3.8 nm for NaCl, 

5.9 nm for MgCl2 and NaClO4, and 7.3 nm for CaCl2. Although the bulk eutectic points of these salts 

differ significantly, from −20 °C for NaCl to approximately −50 °C for CaCl2, the lowest eutectic 

temperature reached in confinement converges between −60 °C and −70 °C. 

    
Figure 7–8. (a) Influence of pore size on the melting point of pure water and the eutectic points of salt 
solutions (NaCl, MgCl2, NaClO4, and CaCl2); (b) temperature depression Tm  Tm,bulk Tm of the melting and 
eutectic points (Tm) (right). Dashed line: the ice melting or eutectic points in bulk phase. The error bar of d 
represents the pore size distribution range of the host materials, while the error bar of Tm or ΔTm denotes 
the difference between peak maximum and either the onset temperature (lower limit) or the offset 
temperature (upper limit) of the melting peak. 

To date, no comprehensive theory fully accounts for the unique phase behavior of salt solutions 

under strong confinement. Here, we propose three possible interpretations for the observed 

suppression of eutectic transitions in small pores. 

(1) Convergence of interfacial layers: It is well established that a nonfreezing water layer 

(approximately 0.6 nm thick) exists near the pore wall, exhibiting structural and 

thermodynamic behavior distinctly different from bulk-like water in the pore center. 

(Antoniou, 1964; Rennie and Clifford, 1977; Overloop and Vangerven, 1993; Jähnert et al., 

2008). In salt solutions, this layer is likely thicker due to the presence of hydrated ions, 

ion pairs, and solvent−solute interactions. As pore size decreases, the two interfacial 

layers can overlap, effectively eliminating the bulk-like region and thus suppressing both 
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water freezing and salt crystallization, resulting in the missing of water freezing and salt 

crystallization, as illustrated in Fig. 7−9a. Supporting this, Wang et al. (2023b) observed a 

relatively homogenous radial ion distribution in 4 m CaCl2 solutions within 4 nm MCM-41 

using neutron scattering and Monte Carlo simulation, challenging the widely accepted 

electric double layer theory (Argyris et al., 2010; Israelachvili, 2011). However, the 

threshold pore sizes (3.8 nm and 5.9 nm for MgCl2 and CaCl2, respectively) are still too 

large to be fully explained by the overlap of interfacial layers alone, making this 

explanation insufficient on its own.  

 
Figure 7−9. (a): The convergence of two interfacial layers within confined space disrupting the formation 
of a eutectic structure; (b): the spatial restriction within small pores suppresses the nucleation of eutectic 
phase. 

(2) Spatial restriction of nucleation: Both ice formation and salt crystallization are 

nucleation-controlled process requiring the overcoming of an energy barrier. Classical 

nucleation theory describes a three-step pathway: initial monomer or cluster formation, 

diffusion, and growth to a stably nucleus (Mullin, 2001; Thanh et al., 2014). Transient 

nanocrystals may form but dissolve quickly unless they reach a critical size. Since 

nanocrystals have higher solubilities than their bulk counterparts, stable nuclei can only 

form when the surrounding solution is sufficiently supersaturated. For example, ice nuclei 

typically consist of approximately 100 molecules. Hydrated salt crystals, having more 

complex structures, may require even significantly larger nuclei. In confined space, as 

depicted in Fig. 7−9b, the available volume in the pore core may be insufficient to 

accommodate such nuclei, particularly for the hydrated salts like CaCl2·6H2O. Thus, even 

without interfacial layer overlap, nucleation may be physically inhibited, preventing 

first−order phase transitions in pores below the critical size. 

(3) Transition into an amorphous phase: An alternative explanation is that confined salt 

solutions do not crystallize due to spatial restriction or interfacial effects, but instead 

bypass crystallization entirely by undergoing a glass transition. Solution normally 

transforming into an amorphous solid during rapid cooling. The behavior of amorphous 

ice has been extensively studied, leading to a metastable phase diagram that includes 

supercooled water, amorphous (glassy) phases, and the so-called ‘‘no−man’s land’’, where 

homogenous nucleation and crystallization become kinetically unfavorable (Angell, 

2002). For pure water, the glass transition temperature at ambient pressure is 
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approximately −133 °C (Angell, 2002), significantly lower than the minimum melting 

points −70 °C observed in our confined salt solution systems. However, dissolved ions can 

significantly elevate the glass transition temperature depending on ion type and 

concentration. For example, bulk solutions of CaCl2 and MgCl2 solution, can exhibit glass 

transition temperatures as high as −110 °C and −100 °C, respectively, at high 

concentrations (Angell and Sare, 1970), as presented in Fig. 7−10. The influence of 

confinement on the glass transition of salt solutions is less well investigated and has not 

yet reached consistent conclusions. Available results from the literature show a weak 

confinement effect on the LiCl solution glass transition, but profound negative impact on 

that of NaCl solutions (Zhao et al., 2016; Longinotti et al., 2019). Hence, we take the glass 

transition temperature in confinement as the same as that of the bulk CaCl2 and MgCl2 

solutions. Concerning the more pronounced supercooling effect in nanopores, as 

indicated by the freezing and melting curves of Fig. 7−7, it is logically that the supercooled 

brine can easily reach −100 °C if their melting temperature is below −70 °C and the direct 

transformation to an amorphous solid may be possible even in a slow cooling process. 

Supercooled pure water in a 2 nm mesoporous silica was proposed to form the 

low−density amorphous (LDA) ice (Erko et al., 2011). They analyzed the shift in the 

spectral position of the tetrahedral water cluster and the full width at half maximum 

(FWHM) in the Raman spectrum of water confined within pores ranging from 2.0 nm to 

8.9 nm at multiple temperatures. It was found that the temperature dependence curve of 

bulk water locates in the extension of crystalline ice, and progressively shifts to the LDA 

ice with the decrease of pore size. It suddenly jumps to the extension of LDA ice curve in 

2.0 nm pore. The presence of amorphous ice in strong confinement might be contributed 

to the missing of first−order phase transition, either for water or salt solution. 

 

Figure 7−10. Glass transition temperatures of bulk CaCl2 and MgCl2 solutions as a function of salt 
concentration (data from Angel and Sare, 1970). 
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Combination of the influence of concentration and pore size: Previously, we discussed the 

influence of spatial confinement on the eutectic temperatures of various salt solutions and found 

that the temperature depression caused by confinement shows no clear ion-specific effects 

despite their bulk eutectic temperatures spanning a wide range. In this section, we extend the 

investigation by incorporating the role of salt concentration, focusing on its combined effect with 

pore size on the melting behavior of confined salt solutions. Figure 7−11 presents the melting 

curves of CaCl2 solutions with molalities 0.4 m and 0.8 m, respectively, confined in pores with 

diameters ranging from 5.9–20.6 nm. Overall, the two sets of data exhibit consistent trends. 

Specifically, for pore sizes below 11.7 nm only two endothermic peaks are observed in each 

melting curve, one at higher temperature corresponding to the melting point of the bulk solution 

(indicated by the blue lines), and one at a lower temperature corresponding to the melting in 

confinement (indicated by red arrows). Notably, the eutectic transition peak is only observed in 

the 20.6 nm pore and the bulk solution. It is completely absent in the smaller pores for both 

concentrations. These results underscore that both pore size and salt concentration influence the 

phase behavior of confined solutions and that a critical combination of these parameters is 

required for eutectic crystallization to occur.  

        

Figure 7–11. Melting curves of CaCl2 solution with molalities 0.4 m (a) and 0.8 m (b) confined in 
mesoporous silica with pore diameters ranging from 5.9 nm to 20.6 nm. The red arrows indicate the melting 
points of ice within confined CaCl2 solutions, while the blue line marks the melting point of ice in the 
corresponding bulk CaCl2 solution. 

The melting points of the confined 0.4 m and 0.8 m solutions are plotted in Fig. 7−12a, alongside 

the size dependent eutectic points measured at 4.0 m. As shown, the ice melting points of the 
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confined solutions decrease with decreasing pore size, consistent with the trend observed for 

eutectic points. Notably, even in the smallest pores, the ice melting point remains significantly 

higher than the eutectic temperature of the bulk solution, indicating that salt molality exerts a 

stronger influence on the melting point than confinement alone. The temperature depressions 

due to confinement, plotted as a function of pore size in Fig. 7−12b, further emphasize the 

concentration effect that higher salt molality results in greater temperature depression.  

      
Figure 7–12. (a): Influence of pore size on the ice melting temperature in CaCl2 solutions; (b): Temperature 
depression caused by confinement effects. Dashed line: meting/eutectic points of ice in bulk CaCl2 solutions. 
The error bar of d represents the pore size distribution range of the host materials, while the error bar of 
Tm or ΔTm denotes the difference between peak maximum and either the onset temperature (lower limit) 
or the offset temperature (upper limit) of the melting peak. 

The origin of this effect likely stems from changes in the interfacial energy between ice and salt 

solution. Previously, we attributed the confinement-induced thermodynamic property changes 

to the unique behavior of interfacial molecules. This influence on chemical equilibria can be 

described by the thermodynamic variable interfacial energy (), which is sensitive to both 

temperature and salt molality. Theoretically, lower temperatures and lower concentrations of 

dissolved electrolytes favor the stability of tetrahedral water clusters, resulting in structural 

similarity between ice and the surrounding solution. Consequently, the interfacial energy of ice 

and solution is relatively low in dilute solution. According to the Gibbs−Thomson equation, higher 

interfacial energy leads to greater melting point depression, which aligns to the observed 

concentration−dependent temperature depression(ΔTm) in Fig. 7−12b.  

7.2.4 Freezing and melting behavior of Ca(ClO4)2 and Mg(ClO4)2 solutions in confinement 

Raman spectra of calcium perchlorate solutions and its solid hydrates: Perchlorate solutions 

are known to be effective glass formers, readily transitioning to a glassy state at low temperature 

even under slow cooling conditions (Tu et al., 2019). As shown in Fig. 7−13a, the freezing and 

melting isotherms of a 0.5 m Ca(ClO4)2 solution exhibit only the thermal signals associated with 

water freezing and melting. In contrast, the eutectic transition signal is not observed at the 
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expected temperature of approximately −75 °C. Initially, it was speculated that ice formation in 

this dilute solution might serve as a nucleation site to trigger the eutectic crystallization. However, 

the experimental results demonstrate that ice alone is insufficient to initiate the simultaneous 

crystallization of both ice and salt. Hence, the eutectic solution is likely to transform to a glassy 

phase instead of crystallization. However, the eutectic transition was clearly observed in the 

calorimetric measurement of the wet solid phase of Ca(ClO4)2 and its saturated solution, as 

illustrated in Fig. 7−13b. Peaks P1 and P2 are likely associated with the crystallization of two 

distinct hydrates: Ca(ClO4)2·4H2O and Ca(ClO4)2·6H2O, respectively, while peak P3 corresponds to 

the eutectic freezing. Due to the difficulty in nucleation, the induced-time of calcium perchlorate 

crystallization is longer than expected, resting in the eutectic freezing occurring in the heating 

cycle. Upon further melting, the eutectic melting is observed at −74.8 °C (P4) followed by the 

completion of the dissolution of the crystalline salt marked by P5. These results indicate that the 

presence of crystalline calcium perchlorate hydrates can successfully trigger eutectic 

crystallization. In contrast, the absence of such a transition in the 0.5 m Ca(ClO4)2 solution 

suggests that the nucleation barrier for Ca(ClO4)2·6H2O is higher than that for ice.  

     
Figure 7–13. Freezing and melting curves of the 0.5 m Ca(ClO4)2 solution (a) and saturated (at 25 °C) 
Ca(ClO4)2 solution (b). 

To further investigate the phase behavior during the cooling process, a series of 

temperature−dependent Raman spectroscopy experiments were conducted on Ca(ClO4)2·4H2O 

and Ca(ClO4)2 solutions. As indicated in Fig. 7−14, there is only a slight change in the ClO4
 

vibration mode of Ca(ClO4)2·4H2O from 951 cm−1 at 20 °C to 952 cm−1 at −100 °C. In the O−H 

stretching region (3000−3750 cm−1), significant spectral changes occur below −40 °C, where 

three new peaks emerge at 3440, 3514, and 3629 cm−1, consistent with previously reported 

low−temperature spectra (Fisher et al., 2014). As shown in Fig. 7−15a, the crystal morphology of 

Ca(ClO4)2·4H2O remains unchanged with decreasing temperature, maintaining a flat crystal 

surface. The spectra of 2.5 m and 6.3 m Ca(ClO4)2 solutions at various temperatures are displayed 

in Fig. 7−16 and Fig. 7−17, respectively. Compared with Ca(ClO4)2·4H2O, the ClO4− vibration mode 
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in the solution phase appears at lower wavenumber (935 cm−1), shifting slightly to (936 cm−1) 

upon the crystallization of a calcium perchlorate hydrate at low temperatures. In the O−H 

stretching region 3000−3750 cm−1, both solutions exert a distinct set of Raman peaks at low 

temperature at 3380, 3454, 3478, 3518, and 3544 cm−1, respectively. The latter four peaks 

correspond closely to those of Ca(ClO4)2·4H2O though with different relative intensity, while the 

3380 cm−1 peak is unique and indicative of a different hydrate form. Notably, the peaks at 3608 

and 3629 cm−1 observed in Ca(ClO4)2·4H2O are absent in the spectra of the solutions, further 

confirming that the formed hydrate is not the tetrahydrate. Therefore, the observed spectral 

features support the formation of Ca(ClO4)2·6H2O, which has been suggested in previous studies 

(Hennings et al., 2014; Fisher et al., 2014; Li et al., 2022). 

 
Figure 7−14. Temperature-dependent Raman spectra of Ca(ClO4)2·4H2O collected over a temperature 
range from −100 °C to 20 °C. (a): Full spectral range: (b): Expanded view of the ClO4 symmetric stretching 
region; (c): Expanded view of the O−H stretching region, highlighting changes in hydrogen bonding 
environments. 

As the micrographs in Fig. 7−15b show, crystallization in the 2.5 m Ca(ClO4)2 solution begins 

between −50 °C and −60 °C, consistent with the spectral features presented in Fig. 7−16. 

Interestingly, the characteristic Raman peak of ice at approximately 3150 cm−1 is absent in the 

spectrum of this solution, despite its concentration being below the eutectic concentration. This 

absence is likely due to partial evaporation during the measurements, which could increase the 

salt concentration to above the eutectic composition, potentially reaching the solubility limit. In 

contrast, in the 6.3 m solution, the crystallization of Ca(ClO4)2·6H2O appears near 0 °C, as 

illustrated in Fig. 7−15c and Fig. 7−17. At this temperature, the Raman spectrum exhibits a single 

prominent O−H stretching peak at 3544 cm−1. This behavior indicates that, similar to 

Ca(ClO4)2·4H2O, Ca(ClO4)2·6H2O exhibits distinct spectral characteristics at room temperature, 

suggesting a structural transformation or reorganization of hydrate upon cooling. 
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Figure 7−15. Raman micrographs of Ca(ClO4)2·4H2O (a) and Ca(ClO4)2 solutions (b–d) over a temperature 
range from −100 °C to 20 °C. 

 
Figure 7−16. Temperature-dependent Raman spectra of a 2.5 m Ca(ClO4)2 solution collected over a 
temperature range from −100 °C to 20 °C. (a): Full spectral range: (b): Expanded view of the ClO4 
symmetric stretching region; (c): Expanded view of the O−H stretching region, highlighting changes in 
hydrogen bonding environments. 
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Figure 7−17. Temperature-dependent Raman spectra of a 6.3 m Ca(ClO4)2 solution collected over a 
temperature range from −100 °C to 20 °C. (a): Full spectral range: (b): Expanded view of the ClO4− 
symmetric stretching region; (c): Expanded view of the O−H stretching region, highlighting changes in 
hydrogen bonding environments. 

In separate Raman measurements with the 6.3 m of Ca(ClO4)2 solution, a constant flow of dry N2 

was introduced throughout the cooling process. This setup promoted gradual evaporation, 

resulting in an increase of solute concentration and crystallization at higher temperature. As 

shown in the micrographs in Fig. 7−15d, salt crystallization now begins at approximately 10 °C, 

in agreement with the spectrum presented in Fig. 7−18. Upon crystallization, the ClO4
 vibration 

mode shifts from 935 cm−1 to higher wavenumber, accompanied by the emergence of two 

shoulders at 3480 and 3608 cm−1 in the O−H stretching region. These spectral changes signify the 

formation of Ca(ClO4)2·4H2O. At −10 °C, the spectrum fully transitions to that characteristic of the 

tetrahydrate, with the ClO4
 peak shifting to 952 cm−1 and the O−H stretching region (3000−3750 

cm−1) exhibiting all the signature features of Ca(ClO4)2·4H2O. 

 
Figure 7−18. Temperature-dependent Raman spectra of a 6.3 m Ca(ClO4)2 solution exposed to dry N2 
atmosphere, collected over a temperature range from −100 °C to 20 °C. (a): Full spectral range: (b): 
Expanded view of the ClO4− symmetric stretching region; (c): Expanded view of the O−H stretching region, 
highlighting changes in hydrogen bonding environments. 
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Notably, the Raman peak (Fig. 7−18b) at 935 cm−1 reappears below −30 °C and increases in 

intensity as the temperature decreases. Concurrently, characteristic peaks of Ca(ClO4)2·6H2O 

appear in the O−H stretching region, particularly the distinct peak at 3380 cm−1. This spectral 

evolution indicates a transformation from Ca(ClO4)2·4H2O to Ca(ClO4)2·6H2O, while the persistent 

presence of the 952 cm−1 suggests that the transition is incomplete. Supporting this, the 

morphological changes captured in Fig. 7−15d, from flat surfaces at 10 °C to pleated crystals at 

−80 °C, further reflecting the hydrate phase transition.  

It is also noteworthy that the expected Raman signal for ice, near 3150 cm−1, was not detected in 

any of the solution samples, including both 2.5 m and 6.3 m concentrations. This is surprising, 

given that the theoretical eutectic point of Ca(ClO4)2 solution (−75 °C) falls within in our 

investigated temperature ranges (−100 °C to 20 °C). In principle, the precipitation of 

Ca(ClO4)2·6H2O could serve as a nucleation site to trigger eutectic crystallization and overcome 

the nucleation barrier for ice. However, no such eutectic transition was observed in the Raman 

experiments. As a result, the solution appears to remain in a supercooled state, with no detectable 

ice crystallization. While the coexistence of salt crystals and a supercooled solution seems 

thermodynamically inconsistent, an alternative explanation could involve complete evaporation 

of water during the cooling process, leaving only hydrates behind. Nevertheless, distinguishing 

whether liquid water persists at −100 °C remains challenging, as neither Raman spectral nor 

optical micrographs provide definitive evidence. 

Calorimetric thermogram of Ca(ClO4)2 and Mg(ClO4)2 solutions: The calorimetric 

measurements of Mg(ClO4)2 solutions are presented in Fig. 7−19. As shown in Fig. 7−19a, the 

freezing curve of the 0.5 m bulk solution displays only one exothermic peak, corresponding to the 

freezing of water (ice formation). Interestingly, an additional exothermic signal appears at −67 °C 

in the melting curve, which is attributed to delayed eutectic freezing. This is followed by an 

endothermic peak at −57 °C, corresponding to the eutectic melting of Mg(ClO4)2·6H2O in bulk 

solution. Theoretically, the eutectic freezing should occur during the cooling cycle. However, its 

appearance in the heating cycle implies that the nucleation of Mg(ClO4)2·6H2O is kinetically 

hindered and requires a longer induction time than expected. A similar delay in eutectic freezing 

was observed in the measurements of the 4.2 m solution, as shown in Fig. 7−19b. Further insights 

into the phase behavior of the 4.2 m Mg(ClO4)2 solution in porous silica are shown in Fig. 7−19c 

and Fig. 7−19d. The eutectic transition temperature shifts to −63 °C in 20.6 nm pore and is further 

depressed to −73 °C in a 10.4 nm pore, indicating that confinement enhances supercooling and 

suppresses eutectic crystallization temperature.  

In comparison to Ca(ClO4)2 thermogram in Fig. 7−13, eutectic transitions were clearly detected in 

the calorimeter measurements of both bulk and confined Mg(ClO4)2 solutions, although, notably, 
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the eutectic freezing anomalously appeared during the heating cycle. This delayed crystallization 

highlights the strong supercooling tendency of perchlorate solutions, which renders the 

transition to the crystalline phase highly unpredictable. In more confined systems with smaller 

pore sizes, the calorimetric signals expected for eutectic transitions in Mg(ClO4)2 solutions were 

absent, further emphasizing the experimental challenge of capturing eutectic events in the two 

systems. To address this limitation, the melting temperatures of ice in less concentrated Ca(ClO4)2 

and Mg(ClO4)2 solutions confined within nanopores were instead measured, as they typically 

remain detectable despite confinement. These melting points offer an alternative route to 

estimate the influence of confinement on the phase equilibria of perchlorate solutions.  

 
Figure 7−19. Freezing and melting curves of the Mg(ClO4)2 solutions in bulk and confinement. 

The melting curves of the Ca(ClO4)2 solutions with molalities ranging from 0.1 to 2.0 m in 

nanopores with diameters of 5.9, 7.6, and 9.1 nm are presented in Fig. 7−20, while corresponding 

measurements for confined Mg(ClO4)2 solutions are shown in Fig. 7−21. In both systems, the ice 

melting points exhibit a downward trend with increasing salt concentration and decreasing pore 

size, as highlighted by the red and blue arrows in these figures. Notably, in the smallest pores 

(shown in Figs. 7–20a and 7–21a), the range of concentrations where ice melting is detectable 

becomes significantly narrower. This observation suggests that strong confinement not only 

lowers the melting temperature but also increasingly inhibits ice nucleation, making it more 

difficult for ice to form under high salinity and nanoscale confinement.  
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Figure 7−20. Melting curves of the Ca(ClO4)2 solutions confined in nanopores (5.9 nm, 7.6 nm, and 9.1 nm) 
at various concentrations. Red arrows: visual guides indicating the ice melting points of Ca(ClO4)2 solution 
in nanopores; blue arrows: visual guides for the ice melting points in bulk Ca(ClO4)2 solutions. 

       
Figure 7−21. Melting curves of the Mg(ClO4)2 solutions confined in nanopores (5.9 nm, 8.5 nm, and 11.7 nm) 
at various concentrations. Red arrows: visual guides indicating the ice melting points of Mg(ClO4)2 solution 
in nanopores; blue arrows: visual guides for the ice melting points in bulk Mg (ClO4)2 solutions. 

The measured ice melting points of Ca(ClO4)2 and Mg(ClO4)2 solutions are summarized in Fig. 

7−22a and Fig. 7−22b. For both salts, the melting points of bulk solutions align well with 

published phase diagrams (Li et al., 2022). In the case of Ca(ClO4)2, the melting points 

systematically decrease with decreasing pore size, indicating a consistent confinement effect. In 

contrast, the melting points of Mg(ClO4)2 solutions in 11.7 nm and 8.5 nm pores nearly overlap 

and even intersect, suggesting a less pronounced size dependence. As shown in Fig. 7−21, the 

endothermic peaks for confined Mg(ClO4)2 solutions are notably broad (highlighted by red 

arrows), leading to a greater uncertainty in identifying the exact melting temperatures. This 

broadness likely masks any subtle melting point variations between different size pores. 

Additionally, the eutectic point for bulk Mg(ClO4)2 solutions observed in our calorimetric 

experiments (Fig. 7–19a and b) is −57 °C, obviously higher than the −63 °C predicted by the 
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thermodynamic model of Li et al. (2022). This discrepancy stems from the modeling parameters 

being derived primarily from freezing points and solubility data reported by Pestova et al. (2005) 

and Toner et al. (2015b), where the eutectic point was not directly measured. Instead, these 

authors inferred the liquid−solid phase boundaries based on visual observation of ice or salt 

crystallization. Consequently, the eutectic point at −63 °C is an extrapolated intersection of 

regressed melting and solubility data, rather than an experimentally verified thermodynamic 

equilibrium point. As their criterion for the equilibrium is the presence of a crystalline phase, 

which may be affected by nucleation hysteresis, their result is not a realistic reflection of the 

thermodynamic equilibrium. On the other hand, the visual method is significantly influenced by 

the subjective factor of the observer. In fact, Stillman and Grimm (2011) have pointed out that the 

data from Pestova et al. significantly overestimated the eutectic point due to pronounced 

supercooling. They determined the eutectic temperature of Mg(ClO4)2 solution to be 216 K 

(−57 °C) using both calorimetry and electric permittivity measurement, with the transition point 

clearly observed during heating. Given the consistency and reproducibility of our calorimetric 

results and the results reported by Stillman and Grimm, we consider −57 °C to be the true eutectic 

temperature of Mg(ClO4)2(aq).  

         
Figure 7−22. Ice melting points of Ca(ClO4)2 (a) and Mg(ClO4)2 (b) solutions confined within in the 
nanoporous silica. Black curves: phase boundaries calculated using thermodynamic model of Li et al. 
(2022). The error of temperature denotes the difference between the peak maximum and either the onset 
temperature (lower limit) or the offset temperature (upper limit) of the melting peak. 

Despite acknowledging these discrepancies, Toner et al. (2015b) did not question their estimate 

of the eutectic temperature. Instead, they attributed the higher experimental value to the possible 

formation of an unidentified Mg(ClO4)2 hydrate while arguing that the addition of crystalline 

particles mitigates supercooling and facilitates phase transitions. Though this may apply to many 

systems, our data suggest this may not be the case for perchlorate solutions. As shown in both the 

calorimetric data (Fig. 7−13) and the Raman spectra (Fig. 7−15), the presence of ice or salt 

precipitates did not successfully initiate the eutectic transition in Ca(ClO4)2 solutions, pointing to 

a more complex nucleation behavior. 
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7.2.5 Melting behavior of frozen (NH4)2SO4 solutions in confinement 

The thermodynamic properties and phase behavior of aqueous (NH4)2SO4 solutions has been 

recently extensively reviewed (Talreja-Muthreja and Steiger, 2025). Available literature data of 

eutectic temperatures cover a range of –18 °C to –19 °C, the model of Talreja-Muthreja and Steiger 

(2025) based on the freezing temperature and solubility curves yields –19 °C. The stable solid 

phase in this temperature range is paraelectric (NH4)2SO4. Below –50 °C, a transition to a 

ferroelectric phase is observed. This polymorphic transition has been thoroughly investigated 

using spectroscopic methods, diffraction methods and differential scanning calorimetry (Torrie 

et al., 1972; Carter, 1976; Kwon and Kim, 1990; Bertram et al., 2007; Malec et al., 2018). A detailed 

phase diagram can be seen shown in Fig. 7−1. 

Raman spectra of (NH4)2SO4 and its aqueous solution: Herein, in-situ Raman spectroscopy was 

employed to investigate the phase behavior of (NH4)2SO4 and its aqueous solutions. Figure 7−23 

presents the Raman spectra of solid (NH4)2SO4 recorded over the temperature range from −80 °C 

to 20 °C, focusing on four spectral regions, 420−480 cm−1, 600−630 cm−1, 960−990 cm−1, and 

2800−3600 cm−1. At temperature above −50 °C, the peak positions of the SO42− vibration modes 

march well with those reported for paraelectric (NH4)2SO4 in the literature (Dong et al., 2007). 

Below −50 °C, a blue shift of approximately 6 cm−1 in the v2−SO42− mode (from 451.5 to 457.5 

cm−1), and a red shift of 3 cm−1 in the v1−SO42− mode below −60 °C (from 975.5 to 972.5 cm−1) are 

observed. These spectral shifts are highlighted in the pink and green spectra of Fig. 7−23. 

Furthermore, a red shift in the NH4
 vibration band (2800−3600 cm−1) occurs at low 

temperatures. The emergence of these spectral features around −60 °C, near the known 

polymorphic transition temperature, is attributed to the formation of ferroelectric (NH4)2SO4.  

 
Figure 7−23. Raman spectra of (NH4)2SO4 crystal during cooling from 20 °C to –80 °C. 

The Raman spectra of the 6.0 m (NH4)2SO4 solution, collected during the cooling (from 20 °C to –

80 °C) and subsequent heating (from −80 °C to 20 °C), are shown in Fig. 7−24 and Fig. 7−25, 
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respectively. The spectra of the v1−SO42− mode (960−990 cm−1) in Fig. 7−24c illustrate the phase 

evolution of the solution throughout the cooling process, including the crystallization of 

paraelectric (NH4)2SO4 from the solution and its subsequent transformation into the ferroelectric 

phase. At 20 °C, the v1−SO42− band of the aqueous solution appears at a slightly higher 

wavenumber compared to the corresponding peak of paraelectric (NH4)2SO4, as shown by the 

black curve in Fig. 7−24c. Upon cooling, this band splits into two distinct features: a lower 

wavenumber peak corresponds to the crystallization of paraelectric (NH4)2SO4, while the higher 

wavenumber peak arises from the SO42−(aq) in the residual solution. The latter undergoes a 

progressive blue shift as temperature decreases, attributed to the decrease in solubility and 

molality of (NH4)2SO4 (Dong et al., 2007). The disappearance of the higher wavenumber solution 

peak at −50 °C suggests eutectic freezing and complete solidification of the solution. This 

transition temperature is significantly lower than the known eutectic point of (NH4)2SO4 solution, 

likely due to delayed nucleation. Further blue shift observed below −60 °C is indicative of the 

polymorphic transition from the paraelectric to the ferroelectric phase. Similar changes in peak 

positions and profiles are evident in other spectral regions (425−475 cm−1 and 2800−3600 cm−1), 

aligning with these two temperature markers.  

 
Figure 7−24. Raman spectra of 6 m (NH4)2SO4 solution during cooling from 20 °C to –80 °C. 

During the subsequent heating process (Fig. 7−25), the polymorphic transition is again observed 

between −60 °C and −50 °C, consistent with the cooling cycle. However, unlike in the cooling 

spectra, a distinct bimodal feature in the 960−990 cm−1 range is not evident. Instead, the spectra 

show a dominant peak at the lower wavenumber with a shoulder at higher wavenumber, which 

becomes apparent at −20 °C and above, which is close to the eutectic melting point. This 

higher−wavenumber shoulder is attributed to the v1−SO42− vibrational mode of (NH4)2SO4 in the 

liquid phase, suggesting the reappearance of the aqueous component upon melting.  
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Figure 7−25. Raman spectra during heating of a frozen 6 m (NH4)2SO4 solution from −80 °C to 20 °C. 

Phase transitions of (NH4)2SO4 solutions in confinement: The phase behavior of (NH4)2SO4 

solutions confined in porous silicas was investigated to elucidate the effects of salt concentration 

and pore size on the ice melting and eutectic transitions. Figure 7−26a presents the melting 

curves of (NH4)2SO4 solutions with concentrations ranging from 0.1 to 6.0 m confined within 6.3 

nm SBA-15. Similar to the results previously observed for NaCl and CaCl2 solutions, only two 

endothermic peaks are detected in the dilute concentration region (below 1.5 m), corresponding 

to the melting of ice in the pore and in the bulk phase, indicated by red and blue arrows, 

respectively. Notably, the expected eutectic melting transition at −19 °C is absent in this dilute 

regime, likely due to the ion accumulation in the interfacial nonfreezing layer, which hinders salt 

crystallization (Chapter 6, Wang and Steiger, 2025). At higher concentrations, three endothermic 

signals appear at or below the bulk eutectic temperature, replacing the ice melting signal from 

the pores. These are marked by dashed lines in blue (−18.5 °C), red (−41.5 °C), and green (−49 °C), 

corresponding to the eutectic melting in the bulk phase, eutectic melting within the pore, and the 

paraelectric to ferroelectric phase transition, respectively. The absence of the endothermic signal 

at −49 °C in the dilute solutions confirms that (NH4)2SO4 crystallization does not occur in these 

systems.  

Figure 7−26b and Figure 7−26c display the melting curves of 3 m and 5 m (NH4)2SO4 solutions 

confined in pore of sizes ranging from 5.9 nm to 20.6 nm. These results clearly demonstrate that 

the eutectic melting temperature within the pores is lower than that of the corresponding bulk 

solution and decreases systematically with decreasing pore size, as indicated by the red arrows. 

In contrast, the temperature associated with the polymorphic transition temperature remains 

invariant across different pore size, as shown by the green dashed lines. In addition to the three 

thermal events, one or two additional endothermic peaks are observed between the eutectic and 

polymorphic transition temperatures. These features are tentatively attributed to the 

crystallization and melting of the ferroelectric polymorph within the confined environment.  
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Figure 7−26. (a): Melting curves of (NH4)2SO4 solutions within 6.3 nm pore over a concentration range from 
0.1 m to 6.0 m; (b): melting curves of 5 m (NH4)2SO4 solution in porous silica with pore size ranging from 
5.9 to 20.6 nm; (c): melting curves of 3 m (NH4)2SO4 solution under the same pore size conditions. Red 
arrows indicate the decrease in eutectic melting temperature with decreasing pore size; vertical dashed 
blue, red and green lines represent bulk eutectic, in-pore eutectic and polymorphic transition temperatures 

7.2.6 Water vapor sorption of salt nanoparticles in confinement 

Water adsorption on salt surfaces and in porous silica: Gas condensation in capillaries or the 

bulk phase is delayed due to the nucleation barrier associated with the formation of the liquid 

phase, whereas liquid desorption typically proceeds via an equilibrium process (Thommes et al., 

2006; Thommes et al., 2015), as illustrated in Fig. 7−27a. However, this behavior changes in the 

case of water vapor condensation on a salt crystal surface. As shown in Fig. 7−27b, an equilibrium 

transition step appears in the sorption curve, corresponding to the relative humidity (RH) at 

which the water activity equals that of a saturated salt solution at a given temperature. In contrast, 

during desorption, efflorescence occurs at a significantly lower RH. This hysteresis arises from 

the nucleation barrier associated with salt crystallization during water evaporation. Remarkably, 

the presence of the salt alters the kinetics of water vapor sorption and condensation, effectively 

eliminating the nucleation barrier typically required for water liquification. According to classic 

adsorption theory, water molecules can be absorbed onto the surface of a pore wall or a salt 

crystal even at the humidity below the condensation point. This occurs because solid−liquid 

interfacial energy is smaller than that of the solid−gas interface, making adsorption energetically 

favorable. This initial sorption behavior in Fig. 7−27b is evident in the gradual increase of the 

sorption curve prior to condensation. The thickness of the water layer adsorbed within porous 

SBA-15 silica was estimated based on the measured water uptake, pore diameter, and pore 

volume. In this calculation, the density of confined water was assumed to be equal to that of bulk 
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water 0.997 g·cm−3 (Wagner and Pruß, 2002), and the diameter of a water molecule is 3 Å (Marcus, 

2003). The thickness of the adsorbed water layer is given by the following equation: 

𝑡 = 𝑟୮ − ඨ൬𝑉୮ −
𝑤୲

𝜌
൰ /𝜋 

where t is the thickness of the adsorbed water layer, rp is the pore radius, Vp is the pore volume, 

wt is the mass of adsorbed water, ρ is the density of water at 25 °C. 

 
Figure 7−27. Water vapor sorption and desorption isotherms for 9.1 nm mesoporous silica SBA-15 (a) and 
bulk NaClO₄ (b). 

As illustrated in the green shaded region of Fig. 7−28a, the adsorbed water layer reaches an 

approximate thickness of four molecular layers at the onset of condensation. In contrast, during 

the reversed desorption process (Fig. 7−28b), water layer recedes to a thickness of around three 

molecular layers at the offset of the evaporation. The observed thicker adsorbed water layer prior 

to condensation is likely related to the formation of liquid like nuclei, as a thicker water layer 

more closely resembles the structure of bulk three-dimensional liquid water. This transitional 

layer may facilitate the nucleation required for capillary condensation within the confined 

geometry. 

   
Figure 7−28. Water vapor sorption (a) and desorption (b) isotherms for the porous silicas (see Table 4−2 
and Figure 4−1) with the diameter ranging from 3.8 nm to 20.6 nm. 
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A similar phenomenon has been reported during the pre-deliquescence of NaCl (Ewing, 2004), 

indicating that the onset of abrupt water uptake (deliquescence), occurs once approximately 

three molecule layers of water have accumulated on the surface. At this stage, the interfacial 

driving force for adsorption diminishes, as the solid surface is largely screened by the adsorbed 

water layers. Instead, the adsorption process becomes increasingly governed by the rising 

chemical potential of water vapor as it approaches the saturation pressure. In porous silica, 

capillary condensation occurs at a RH higher than the thermodynamic equilibrium due to the 

nucleation barrier associated with liquid formation in confined geometry. In contrast, on salt 

crystal surfaces, the pre−adsorbed water layers gradually evolve into a brine film as the salt 

begins to dissolve. This leads to the formation of three-dimensional hydrated ion clusters (Peters 

and Ewing, 1997a, 1997b), as schematically illustrated in Fig. 7−29. These hydrated clusters act 

as the structure templates that promote further water adsorption onto the salt surface. 

Consequently, the continued water uptake on salt surface beyond this point resembles the 

dilution of an extremely concentrated aqueous solution, rather than the classical liquid nucleation 

process. This mechanism effectively bypasses the nucleation barrier typically required for 

capillary condensation.  

 
Figure 7−29. Schematic diagram of water adsorption on a salt crystal surface. 

Deliquescence relative humidity (DRH) of chlorides in confinement: The water vapor 

sorption isotherms of chloride nanoparticles confined in porous silica are presented in Fig. 7−30. 

The ratio of the number of moles of water per mole of salt, nw/ns, was calculated by dividing the 

measured amount of adsorbed water by the amount of salt in each porous silica−salt composite 

(PSSC) sample. During water vapor sorption measurements, partial dehydration of the sample in 

the drying step removes some hydrated or adsorbed water, producing an initial negative value in 

the nw/ns water vapor sorption curve. As indicated by the vertical blue line, the DRHs of KCl, 

MgCl2·6H2O, and β−CaCl2·4H2O (as clarified in Chapter 5) are 83%, 32%, and 19%, respectively, 

which are consistent with previously reported values in the literature (Greenspan, 1977; Guo et 

al., 2019; Wang and Steiger, 2025). MgCl2 hydrates from MgCl2·2H2O to MgCl2·6H2O prior to 
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deliquescence, consistent with literature reports (Hamze et al., 2024). CaCl2 sequentially forms 

CaCl2·H2O, CaCl2·2H2O, and β−CaCl2·4H2O, as described in Chapter 5. Different from the clear 

deliquescence step of bulk salt, the DRHs in confined systems fall within a humidity range as the 

pore size distribution of the host materials. Herein, we define the DRHs in the pore as the average 

of the onset and offset of the deliquescence humidities, which were determined at the relative 

humidity where an abrupt change in the slope of sorption isotherms occurs, as marked by the 

green dashed line. Overall, the DRHs of chlorides are lower in confinement compared to their bulk 

counterparts, and the deviation becomes more pronounced with decreasing pore size.  

 
Figure 7−30. Water vapor sorption isotherms of chloride salt particles (KCl, MgCl2·nH2O, and CaCl2·nH2O) 
confined in porous silica with pore size ranging from 3.8 nm to 20.6 nm, compared to bulk salt crystals.  
Blue line: deliquescence relative humidity of the corresponding bulk salts (KCl, MgCl2·6H2O, and 
β−CaCl2·4H2O). 

The sorption curve of KCl is continuous due to its lack of hydrate formation. In contrast, salts 

capable of forming multiple hydrates, such as MgCl2·nH2O and CaCl2·nH2O, exhibit stepwise 

adsorption associated with successive hydration transitions prior to deliquescence. These 

hydration and deliquescence steps are distinctly observed in larger pores (e.g., 20.6 nm), closely 

resembling bulk behavior. However, in smaller pores, the sorption curves become smoother, and 

the characteristic steps become less distinguishable. A notable feature is the first step occurring 

near 1% RH. For KCl, this step shows a gradual increase, probably reflecting the water adsorption 
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on the pore wall. While CaCl2 displays an abrupt rise, with MgCl2 exhibiting intermediate behavior. 

Given the absence of clear transition steps in small pores, the sharp uptake is likely attributed to 

the complex behavior of water adsorption on the pore wall and potential salt hydration reaction. 

For an anhydrous salt, such as KCl, the solid phase in equilibrium during deliquescence under 

confinement matches that of the bulk. However, for salts forming hydrates, such as CaCl2·nH2O, 

confinement may favor deliquescence from lower hydrate states. For example, as shown in Fig. 

7−31, the phase diagram of CaCl2−H2O is expected to exhibit a downward shift in the pore (red 

curve) relative to the bulk system (bulk curve). This shift also alters the stability range of the 

hydrates. At 25 °C, CaCl2·4H2O or CaCl2·2H2O is likely to be the thermodynamically stable phase 

within the pore, in contrast to the CaCl2·6H2O in the bulk system. Moreover, CaCl2·nH2O 

undergoes deliquescence in nanopores at RHs below 13%, as shown in Fig. 7−30. This humidity 

threshold corresponds to the bulk phase transition from CaCl2·2H2O to CaCl2·4H2O, thereby 

suggesting that, under confinement, CaCl2·2H2O deliquesces directly without undergoing 

hydration to CaCl2·4H2O. 

   
Figure 7−31. Phase diagram of CaCl2−H2O system both in bulk behavior (black curve) and its corresponding 
expected behavior under confinement (red curve). 

The shape of the water vapor sorption isotherms for KCl in porous silica differs notably from 

those of MgCl2 and CaCl2. A pronounced second sorption step at approximately 80% RH for KCl 

in 5.9 nm and 3.8 nm pores suggests the deliquescence of bulk crystal, rather than a gradual 

dilution of saturated solution, which is a continuous process, as indicated in larger pores such as 

7.0 nm, and 8.5 nm pores. This is originated from the imperfect impregnation during sample 

preparation, leaving bulk salt crystallizing outside the pores. In the pores below 9 nm, sorption 

curves display two distinct steps with a plateau in between, indicating a three-stage process: (1) 

deliquescence and dilution within the pore, (2) curvature filling, and (3) overflow and dilution of 

bulk solution, as interpreted in Fig. 7−32a. The shape of the first step, corresponding to the 

deliquescence of confined KCl nanoparticle, is influenced by the pore size distribution of the host 

material. Deliquescence occurs first in the smallest pores and later in larger pores, therefore, 
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there water uptake does not follow a sharp step function as in the bulk, but rather exhibits a 

continuous increase over a range of relative humidities. Notably, the majority of the pores were 

filled during deliquescence, since the initial salt loading is based on concentrated KCl solution (4.2 

m). The observed downward shift in the DRH for KCl in confined space is governed by two aspects 

(Talreja-Muthreja et al., 2022): (1) changes in solubility at the nanoscale and (2) the reduction in 

water vapor pressure due to the curvature of the liquid−vapor interface, given by Kelvin equation 

ln ( ௣
௣°) = ln 𝑎୵ − ଶ×௏ౣ° ×ఊౢ౬×௖௢௦ఏ

௥ౡ×ୖ×்
 and 𝑟୩ = (𝑟୮ − 𝑡) cos𝜃⁄  , where 𝑟୩ is the radius of curvature of the 

solution, 𝑟୮ is the pore radius, t is the thickness of non-freezing layer (0.6 nm), and 𝜃 is the angle 

between solution interface and pore wall, as shown in Fig. 7−32b. The former is predominantly 

controlled by crystal size and the salt−liquid interfacial energy(cl), while the latter is influenced 

by pore size, the solution−vapor surface tension (lv), and the angle between the salt solution 

curvature and the pore wall (θ). During the initial deliquescence step (step ① in Fig. 7−32a). In 

the second stage, a plateau in water uptake isotherm is observed, suggesting that only minimal 

additional water is adsorbed while the vapor pressure increasing substantially from 60% to 80% 

RH. This minimal uptake slightly dilutes the saturated solution, but the resulting volumetric 

expansion efficiently contributes to filling within the pores. This is associated with an increase of 

in the angle between the curvature and pore wall, as illustrated by step ② in Fig. 7−32a.  

   
Figure 7−32. (a): Water vapor sorption isotherms of KCl in 7.0 nm porous silica; (b): Influence of contact 
angle on the water vapor pressure of KCl solution under same confined condition. θ is the angle between 
the salt solution curvature and pore wall. 

Figure 7−32b shows the water vapor pressure of a saturated KCl solution as a function of the 

angle of solution curvature and pore wall in porous silica, overlaid with the RH range 

corresponding to the plateau observed in the sorption isotherm in Fig. 7−32a. This comparison 

indicates that the variation in water vapor pressure during the second stages is not only driven 

by the dilution of the KCl solution, but also by changes in the angle between the solution and the 

pore wall. As the radius of curvature approaches infinity, the water vapor pressure approaches 

to the DRH of bulk KCl, suggesting that the pore becomes completely filled with solution. The 

slight deviation between the blue dash line and red curve in Fig. 7−32b is likely due to the minor 
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solubility difference KCl nanoparticle and the bulk crystal. In the third stage, continued water 

adsorption leads to volumetric expansion of the confined solution, which begins to overflow from 

the pores. The RH at which this overflow initiates aligns with the DRH of bulk KCl. At this point, 

water adsorption involves dilution of both the confined and the external bulk solution, as 

illustrated in step ③ of Fig. 7−32a. Notably, the sorption and desorption curves fully overlap in 

the third stage (RH > 80%), indicating that crystallization of KCl in the bulk solution does not 

occur. In contrast, the hysteresis observed in the first stage (50−60% RH) during desorption is 

indicative of salt crystallization within the pore. 

The water vapor sorption behavior of perchlorates is shown in Fig. 7−33. The DRHs of the bulk 

NaClO4·H2O, Mg(ClO4)2·6H2O, and Ca(ClO4)2·4H2O are 45%, 40%, and 16%, respectively, as 

indicated by the blue lines, in agreement with literature values (Jia et al., 2018; Gu et al., 2017). 

 
Figure 7−33. Water vapor sorption isotherms of chloride salt particles (NaClO4·H2O, Mg(ClO4)2·6H2O, and 
Ca(ClO4)2·4H2O) confined in porous silica with pore size ranging from 3.8 nm to 20.6 nm, compared to bulk 
salt crystals. Blue line: deliquescence relative humidity of the corresponding bulk salts (NaClO4·H2O, 
Mg(ClO4)2·6H2O, and Ca(ClO4)2·4H2O). 

In porous silica, the DRHs of NaClO4·H2O and Mg(ClO4)2·6H2O, determined as the average of the 

onset and offset of the deliquescence humidities (marked by two green dashed lines), 

systematically decrease with decreasing pore size. However, for Ca(ClO4)2·4H2O, the 
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deliquescence transition is only observed in 20.6 nm pores but absent in pores smaller than 11.8 

nm. Considering that the extremely low DRH of bulk Ca(ClO4)2·4H2O (18%), the continuous water 

uptake in the pores arises from a combination of water adsorption on the pore walls, 

deliquescence of Ca(ClO4)2·4H2O, and subsequent dilution. The overlap of these process makes it 

difficult distinguish a distinct deliquescence step.  

Figure 7−34a summarizes the DRHs of both chlorides and perchlorates confined in porous silica. 

In all cases, the DRHs in confinement are lower than those in the bulk phase (indicated by dashed 

line) and show a decreasing trend with the reduced pore diameter. This pore−size−dependent 

suppression of DRH is more pronounced for salts with higher bulk DRH. For example, the weakly 

hygroscopic KCl exhibits a steeper DRH−pore size dependence compared to the strongly 

hydroscopic CaCl2. The DRH differences between bulk and confined salts are presented in Fig. 

7−34b, revealing a general correlation: salts with higher bulk DRHs tend to exhibit greater DRH 

depression in confinement.   

       
Figure 7−34. (a): DRHs of chlorides (KCl, MgCl2·6H2O, and CaCl2·nH2O (β−CaCl2·4H2O or CaCl2·2H2O)) and 
perchlorates (NaClO4·H2O, Mg(ClO4)2·6H2O, and Ca(ClO4)2·4H2O) nanoparticles confined in porous silica 
with pore size ranging from 3.8 nm to 20.6 nm and their bulk counterparts. (b): difference of DRHs between 
the confined and bulk phases. The error bar of d represents the pore size distribution range of the host 
materials, while the error bar of DRH or ΔDRH denotes the deviation between average value and either the 
onset DRH (lower limit) or the offset DRH (upper limit) of the water vapor sorption isotherm. 

7.3 Conclusions 

The melting and eutectic points of Mars-relevant salt solutions, NaCl, MgCl2, CaCl2, NaClO4, 

Mg(ClO4)2, Ca(ClO4)2, and the main constituent of atmospheric aerosols (NH4)2SO4 confined in 
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porous silica matrices were investigated using calorimetry and Raman spectroscopy. In addition, 

the hygroscopic behavior and DRHs of these salt systems in confinement were examined using 

water vapor sorption measurements. The influence of solute molality and pore size on the phase 

transition temperature and humidity were systematically explored. The major findings are 

summarized below: 

(1) Melting behavior of ice in nanopores 

The melting temperature of ice in nanopores is significantly depressed relative to the bulk phase, 

with melting points reaching as low as −45 °C in pores with diameters as small as 3.8 nm. In the 

solutions, the melting temperature of ice is influenced by both pore size and solute molality.  

(2) Eutectic transition of confined salt solutions 

Eutectic points of salt solutions (NaCl, MgCl2, CaCl2, NaClO4, (NH4)2SO4) are independent of salt 

concentration but decrease with decreasing pore size. Eutectic transitions are absent in dilute 

solutions and small pores. The critical concentration and pore size at the which eutectic transition 

occurs depend on salt type. Across all investigated brines, the lowest detected eutectic melting 

temperatures in nanopore locate between −60 °C and −70 °C. 

(3) Solid−solid transformation at low temperature 

The formation of Ca(ClO4)2·6H2O and of ferroelectric (NH4)2SO4 in aqueous solution at low 

temperatures was confirmed by Raman spectroscopy, with observed transition temperatures 

consistent with previously reported data.   

(4) Three−stage water sorption of confined KCl 

Water adsorption of KCl nanoparticle in porous silica contains three stages: 1. initial gradual 

growth by adsorption, deliquescence, and subsequent dilution; 2. the plateau after deliquescence, 

suggesting the filling of the solution−gas interface curvature; 3. the final water uptake above the 

DRH of bulk crystal, denoting the overflow of the confined solution and the dilution of bulk 

solution. The minimal water uptake during the second stage leads to an increase of solution−gas 

curvature radius and the angle at the solution−pore wall interface, resulting in the increase of 

water vapor pressure. 

(5) Influence of hydration on the deliquescence of confined salt 

For an anhydrous salt, such as KCl, the solid phase in equilibrium during deliquescence under 

confinement matches that of the bulk. However, for salts forming hydrates, such as CaCl2·nH2O, 

confinement may favor deliquescence from lower hydrate states. 

(6) Size dependent deliquescence process  
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The DRHs of salt nanoparticles in the porous silica are consistently lower than those of bulk 

counterparts, and further decrease with decreasing pore size. Unlike the sharp deliquescence 

observed in bulk salts, confined salts exhibit smoother sorption transitions, reflecting the pore 

size distribution in the host material.   

In summary, these investigations into the phase behavior of water and salts in the confined space 

deepen our understanding of the wet properties of saline soils on the Martian surface. While the 

stable, long-term presence of bulk water remains improbable, nanoconfinement markedly 

broadens the liquid-phase domain through mechanism such as eutectic melting and 

deliquescence. Importantly, the recurrent formation of nanoscale brines and films under such 

conditions is not only plausible but also likely to influence geochemical reactions and mineral 

evolution on Mars. These findings underscore the critical role of confinement effect in shaping 

aqueous process on planetary surface, thereby offering new perspectives for interpreting the 

hydrological and mineralogical evolution of Mars.  

  



Chapter 8. Thermodynamic Modeling of the Phase Equilibria of Confined Salt Solutions 

106 

Chapter 8. Thermodynamic modeling of the phase equilibria 

of confined salt solutions 

Thermodynamic modeling has been extensively employed to calculate phase equilibria among ice, 

salts, aqueous solutions, and water vapor in environmental and geochemical studies (Wexler and 

Clegg, 2002; Marion et al., 2010; Gough et al., 2011). Phase transitions driven by fluctuations in 

temperature and humidity, such as deliquescence, ice melting, and salt dissolution, are effectively 

described using models based Pitzer theory (Pitzer, 1991), e.g., Toner et al. (2015b) and Li et al. 

(2022). To enhance model accuracy under low temperature and low vapor pressure conditions 

relevant to extraterrestrial environments like Mars, substantial thermodynamic datasets have 

been experimentally obtained and adopted into the model parameterization schemes (Nuding et 

al., 2014; Toner et al., 2015a; Li et al., 2022).  

Under confinement, an expansion of the liquid stability region for water and aqueous solutions 

has been observed (Cheng et al., 2015; Meissner et al., 2016; Jantsch et al., 2019). Several 

frameworks, including Gibbs−Thomson and Ostwald−Freundlich equations, have been extended 

to describe the phase behavior of aqueous solutions confined within nanopores (Meissner et al., 

2016; Liu et al., 2017). These models highlight the critical role of solute and interfacial energy in 

shifting equilibrium conditions, thereby providing a theoretical basis for understanding the 

altered solubility and phase transition behavior under nanoscale confinement. In this Chapter, 

we integrate Pitzer model with pore size dependent effects to develop PKL and PK frameworks, 

which are employed to simulate the phase behavior of salt solutions, including NaCl, KCl, MgCl2, 

CaCl2, NaClO4, Mg(ClO4)2, Ca(ClO4)2, and (NH4)2SO4 under nanoconfinement. Specifically, we 

examine the melting and eutectic points, as well as the deliquescence relative humidities (DRH), 

of these systems. 

8.1 Surface tension and apparent molar volume 

8.1.1 Surface tension and molar volume of pure water  

As introduced in Section 2.5, the phase equilibria of salt solutions in nanopores are primarily 

govened by the crystal−solution interfacial energy cl, surface tension lv, and the ΔVm°. The 

temperature dependence of the vapor–liquid surface tension (lv) is given by the equation from 

IAPWS (2014; Hrubý et al., 2014): 

 ୪୴ = B𝜏ఓ(1 + b𝜏) (8−1) 
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Where τ = 1 – T/Tc, Tc = 647.096 K, µ = 1.256, B = 235.8 mN·m−1, and b = −0.625. The calculated 

water surface tension is presented in Fig. 8−1a. 

      

Figure 8−1. Surface tension and molar volume of pure water at low temperatures.  

The molar volume of pure water (Vm,w) can be derived from the density calculated using the 

IAPWS equation (Wagner and Pruss, 1993). However, when extrapolated to temperatures as low 

as −80 °C, the values become unrealistic as the IAPWS formulation is only valid in the temperature 

range from 273.15 to 647.10 K. Due to the homogeneous ice nucleation limit, obtaining reliable 

experiment data in the sub-zero temperature range remains highly challenging. Consequently, 

extrapolating Wagner and Pruss’s equation into this regime is largely empirical and introduces 

significant uncertainty. This deviation is illustrated by the red dashed curve in Fig. 8−1b. To 

overcome this limitation, we performed a polynomial fitting using the IAPWS data within the 

temperature range of 233.15 to 298.15 K. The resulting curve exhibits a smooth upward trend in 

the low−temperature region, shown as the blue curve in Fig. 8−1b. The fitted polynomial function 

is given as:  

 𝑉m,w = 𝑎ଵ + 𝑎ଶ(𝑇 − 𝑇଴) + 𝑎ଷ(𝑇 − 𝑇଴)ଶ + 𝑎ସ(𝑇 − 𝑇଴)ଷ (8–2) 

where T is the absolute temperature, T0  273.15 K, 𝑎ଵ = 18.016 cm3·mol-1, 𝑎ଶ = −2.1957×10−4 

cm3·mol-1, 𝑎ଷ = 1.8426×10−4 cm3·mol-1, 𝑎ସ = −4.5884×10−6 cm3·mol-1. 

8.1.2 Liquid–vapor surface tension of salt solutions 

It was found that, at low to moderate concentrations, the liquid–vapor surface tension of salt 

solutions follows a linearly increase with concentration (Henry et al., 2007; Dutcher et al., 2010; 

Talreja−Muthreja et al., 2022). In this work, experimental data of surface tension differences of 

solution and pure water (lv – lv,w) from the available literature were fitted using the linear 

function (8−3).  

 ୪୴ − ୪୴,୵ =  𝑎ଵ𝑚 + 𝑎ଶ𝑚ଶ (8−3) 
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where m is the molality of the solute. In case of NaClO4, Mg(ClO4)2, and Ca(ClO4)2, Henry et al. 

(2007) reported linear equation in terms of molar concentration (c in mol·L–1). However, in terms 

of molality, surface energies calculated with their equations are longer linear. Therefore, a 

quadratic polynomial equation had to be used the coefficients of which are also listed in Table 8–

1. Then, calculated surface tension using both expressions are identical in the entire temperature 

range from −100 °C to 25 °C, as shown in Figs. 8−2 and 8−3. This model are essentially only 

described by the temperature dependence of the surface energy of pure water (lv,w), and the 

coefficients listed in the Table 8–1 are all independent of temperature. 

  
Figure 8−2. Comparison between the fitted results (black curves) and experimental data for the surface 
tension difference (୪୴ − ୪୴,୵) between chloride salt solutions and pure water.  

 
Figure 8−3. Calculated surface tension differences ( ୪୴ − ୪୴,୵ ) between salt solutions and pure water 
calculated using the present model with coefficients listed in Table 8–1.  
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Table 8−1. The fitted parameters and data sources for the surface tension of pure water and salt solutions 

Salt a1 a2  

 mN·m–1·mol–1 mN·m–1·mol–2  

(NH4)2SO4 2.1807  Abramzon and Gaukhberg (1993a) 

NaCl 1.66  Talreja−Muthreja et al. (2022) 

KCl 1.3945  Abramzon and Gaukhberg (1993b), Yamada 

et al. (1997), Yu et al. (2000), Ali et al. 

(2006), Washburn (1929) 

MgCl2 3.6864  Čeleda and Žilková (1977), Weissenborn and 

Pugh (1996), Henry et al. (2007), Jarvis and 

Scheiman (1968), Minofar et al. (2006) 

CaCl2 3.9594 −6.95×10−2 Zemplén (1907), Washburn (1929), Čeleda 

and Žilková (1977), Horibe et al. (1997), 

Weissenborn and Pugh (1996), Henry et al. 

(2007), Abramzon and Gaukhberg, (1993c) 

NaClO4 0.5671 −1.4195×10−2 Henry et al. (2007)  

Mg(ClO4)2 0.9653 −5.438×10−2 Henry et al. (2007) 

Ca(ClO4)2 1.2235 −7.363×10−2 Henry et al. (2007) 

 

8.1.3 Apparent molar volume at infinite dilute solution 

The apparent molar volume in infinite dilute solutions (𝑉୫
° ) of various salts have been previously 

evaluated, with their temperature dependence expressed using an empiric equation (Krumgalz 

et al., 2000), as shown by the red curves in Fig. 8−4. However, direct extrapolation of these 

expression to sub−zero temperatures leads to unphysical results, such as anomalously high 

values for MgCl2 or negative values for NaCl and KCl (Fig. 8–4). These discrepancies arise from 

the fact that the model of Krumgalz et al. (2000) is based on experimental data at temperatures 

above the freezing point of water (indicated by the green regions in the Fig. 8−4). To enable a 

physically more reasonable extension to lower temperatures, the data of Krumgalz et al. were 

refitted using the following polynomial expression: 

 𝑉୫
∘ = 𝑎ଵ + 𝑎ଶ(𝑇 − 𝑇଴) + 𝑎ଷ(𝑇 − 𝑇଴)ଶ + 𝑎ସ(𝑇 − 𝑇଴)ଷ (8–4) 
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The fitted parameters for NaCl, KCl, MgCl2, CaCl2, and (NH4)2SO4 are listed in Table 8−2, and the 

calculated curves are presented in Fig. 8−4 and Fig. 8−5. The NaClO4 and Mg(ClO4)2 parameters 

were derived from experimental data reported from literature (Hnedkovsky et al., 2021; Caro et 

al., 2020). The apparent molar volume of Ca(ClO4)2 was estimated using the relation  

𝑉୫
° (Ca(ClOସ)ଶ)  =  𝑉୫

° (CaClଶ)  +  2 𝑉୫
° (NaClOସ)  −  2 𝑉୫

° (NaCl)  (8–5) 

This approach ensures continuity and physical plausibility in the low−temperature region 

relevant for phase behavior modeling. 

Table 8−2. The fitted parameters and data sources for the molar volume of pure water and the apparent 

molar volumes of salts at infinite dilute solution 

Salt a1 a2 a3 a4 T(1) / K Source 

 cm³·mol–1 cm³·mol–1·K–1 cm³·mol–1·K–2 cm³·mol–1·K–3   

NaCl 1.4088×101 1.2520×10-1 −1.1922×10-3  278.15−368.15 Krumgalz et al. 

(2000) 

KCl 2.4758×101 1.0697×10-1 −9.9987×10-4  288.15−368.15 Krumgalz et al. 

(2000) 

MgCl2 1.1919×101 1.0584×10-1 −7.4513×10-4  288.15−313.15 Krumgalz et al. 

(2000) 

CaCl2 1.5381×101 1.2148×10-1 −1.1067×10-3 −7.3410×10-6 288.15−328.15 Krumgalz et al. 

(2000) 

NaClO4 3.7059×101 2.7162×10-1 −1.4685×10-3  293.15−343.15 Hnedkovsky and 

Hefter (2021) 

Mg(ClO4)2 5.9057×101 3.8329×10-1 −0.0025×10-3      293.15−343.15 Caro et al. 

(2020) 

(NH4)2SO4 4.4248×101 3.5135×10-1 −4.4310×10-3  273.15−333.15 Clegg and 

Wexler (2011) 

H2O 1.8017×101 −2.5719×10-4 1.8426×10-4 −4.5884×10-6 233.15−298.15 Wagner and 

Pruss (1993)  

(1) Temperature range of the data used in fit 
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Figure 8−4. Comparison of the fitted results (blue curves) with literature−reported values (red curves) for 
the apparent molar volume in infinite dilute solutions (𝑉୫

° ) over a range of temperatures. 

 
Figure 8−5. Apparent molar volume in infinite dilution (𝑉୫

° ) of selected salt solutions (NaCl, KCl, MgCl2, 
CaCl2, (NH4)2SO4, NaClO4, Mg(ClO4)2, and Ca(ClO4)2) as a function of temperature. 
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8.2 Phase equilibria of salt solutions in confinement  

8.2.1 Ice melting and eutectic points  

The PKL (less-filled pore with Laplace pressure) and PK (over-filled pore without Laplace 

pressure) models, which have been introduced in Section 2.5, were applied to calculate the 

melting behavior of confined water and chloride solutions, respectively. Figure 8−6 shows the 

comparison of predicted ice melting temperatures in nanopores using PKL (green region) and PK 

model (orange region) with constant ice−water interfacial energy (cl). It is clear that the PKL 

modelled values are systematically higher than those obtained from PK model, and the lower 

boundary of green region (cl = 30 mJ·m−2) closely approaches the upper boundary of the orange 

region (cl = 20 mJ·m−2). The difference in melting temperature predicted by PKL and PK models  

(green and orange regions) indicate that Laplace pressure plays a significant role in the melting 

behavior of confined ice. 

 
Figure 8−6.  Calculated ice melting temperature of the confined water as a function of pore radius, green 
area represents results obtained with PKL model, orange region corresponds to calculations with PK model.  

Ice melting temperatures in the confined pure water, as well as NaCl (5.2 m), MgCl2 (2.8 m), and 

CaCl2 (4.0 m) solutions at concentrations corresponding to their bulk eutectic points, were first 

calculated with the PK model, and the results are depicted in Fig. 8−7a and compared with the 

experimental data. For each system, three different values of crystal−liquid interfacial energy (cl) 

were used in these calculations, and the results are depicted as dotted, solid, and dashed curves.  

For all systems investigated, the experimental data align well with the dotted curve in larger 

pores, corresponding to smaller value of cl. As pore size decreases, the experimental data 

progressively shift toward the dashed curves, which represents larger cl value. The influence of 

salt molality is minimized in these comparisons, as all samples were prepared at eutectic 

concentration. The shaded regions in Fig. 8−7a encompass the majority of the experiment data 

points, indicating that cl likely varies within this range as a function of both temperature and 

crystal size. Accordingly, an estimated cl value was determined as the average between the 
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minimum and maximum used in the PK model calculations, yielding values of 20, 20, 25, and 30 

mJ·m−2 for H2O, NaCl, MgCl2, and CaCl2, respectively, as shown by the solid lines. Moreover, Fig. 

8−7b presents the calculated melting and eutectic temperatures using PKL model with three cl 

values. The optimal interfacial energies ice−liquid for the pure water, NaCl, MgCl2, and CaCl2 

solutions are consistently 25 mJ·m−2.  

 
Figure 8−7. Comparison of experimental data and calculated results using different values of crystal−liquid 
interfacial energy (cl). Ice melting point and eutectic points in pure water and in NaCl (5.2 m), MgCl2 (2.8 
m), and CaCl2 (4.0 m) solutions confined within nanopores ranging from 3.8 to 20.6 nm; dotted, solid, and 
dashed lines represent calculated results using low, average, and high cl values, respectively. (a): PK model; 
(b): PKL model. The error bar of d represents the pore size distribution range of the host materials, while 
the error bar of Tm denotes the difference between peak maximum and either the onset temperature (lower 
limit) or the offset temperature (upper limit) of the melting peak. 

8.2.2 Phase equilibria of CaCl2 solutions in confinement 

Figure 8−8 shows a comparison between the melting temperatures of CaCl2 solutions at eutectic 

concentration (4.0 m) and a lower molality (0.4 m). Across full pore size range, the melting points 

of 0.4 m solution are consistently lower than those of the eutectic concentration. Nevertheless, 

the trend with respect to cl remains consistent: experimental values match calculations using 

lower cl in larger pores and higher cl in smaller pores. This similarity suggests that salt molality 

has only a minor effect on cl. Although both the temperature and concentration influence the 

interfacial energy, the calculated results for the 0.4 m CaCl2 solutions show good agreement when 

a constant value from the 4.0 m solution is applied. Accordingly, the estimated cl value of the 

ice−CaCl2 solution can be reasonably used for constructing the phase diagram across the entire 

concentration range. 
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Figure 8−8. Melting points of CaCl2 solutions at two concentrations (0.4 m and 4.0 m) confined within 
nanopores ranging from 3.8 to 20.6 nm, comparison of experimental results with curves calculated using 
PK model with different values of cl. The error bar of d represents the pore size distribution range of the 
host materials, while the error bar of Tm denotes the difference between peak maximum and either the 
onset temperature (lower limit) or the offset temperature (upper limit) of the melting peak. 

The melting temperatures of CaCl2 solution in 9.4 nm SBA−15 calculated using PK (cl = 30 mJ·m−2), 

and the results are presented in Fig. 8−9. Compared to the phase diagram of the bulk solution, a 

significant depression of the melting point is observed in the confined system. The black squares 

represent the experimental melting points determined from the calorimetry thermograms of 

CaCl2 solutions in 9.4 nm SBA−15 (as shown in Fig. 6−4a).  

 
Figure 8−9. Calculated phase diagram of the CaCl2−H2O system in bulk and 9.4 nm pores with PK model; 
error bar of Tm denotes the difference between peak maximum and either the onset temperature (lower 
limit) or the offset temperature (upper limit) of the melting peak. 

In the low concentration region, the experimental data align well with the calculated ice melting 

equilibrium curve, marked as red dotted line. Since the eutectic point corresponds to the 

intersection of ice melting and solubility curves, it represents an equilibrium state involving both 

ice melting and salt dissolution. To estimate the interfacial energy between the salt crystal and 

the solution (cl), three values were used in the solubility equilibrium calculations, shown as the 
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green, blue, and orange dashed curves. The intersection point of dotted melting curve and the 

blue dashed solubility curve closely matches the measured eutectic points in 9.4 nm SBA−15, 

suggesting that an interfacial energy of 15 mJ·m−2 for the CaCl2·6H2O−solution interface is 

appropriate in the framework of PK model. 

Using the determined interfacial energies cl = 30 mJ·m−2 for the ice−liquid interface and cl = 15 

mJ·m−2 for the salt−liquid interface, the equilibria of the CaCl2−H2O system were calculated for the 

pores with diameters of 6, 10, and 16 nm using PK model. The results are presented in Fig. 8−10. 

It is indicated that the liquid phase region expands as pore size decreases. Notably, the melting 

curves exhibit a more pronounced downward shift compared to solubility curves. This disparity 

arises because the interfacial energy governing the ice−solution boundary is significantly 

different from that of the salt−solution interface, leading to a stronger suppression of the melting 

transition relative to the dissolution equilibrium. This asymmetric behavior causes the eutectic 

point to shift toward lower salt concentration in smaller pores, which contrasts with the fixed 

eutectic composition assumption proposed in a previous study (Meissner et al., 2016). The 

deviation in eutectic concentration also accounts for the appearance of the small additional 

endothermal peak between the bulk and the confined eutectic transitions (seen in Fig. 6−4a). 

These signals likely arise from solute redistribution during freezing. As freezing progresses, the 

liquid phase confined within the pore reaches a same composition with the bulk eutectic mixture. 

However, as shown in Fig. 8−10, the actual salt molality at the confined eutectic point is slightly 

higher the that of bulk phase, implying the presence of excess salt in the pore.  

 
Figure 8−10. Calculated phase diagram of the CaCl2−H2O system confined within 6 nm, 10 nm, and 16 nm 
pores with the PK model. 

8.2.3 Phase equilibria of NaCl solutions in confinement 

The phase diagram of the NaCl−H2O system for both the bulk solution and the confined solution 

in 8.5 nm SBA-15 are calcualted using PK model, and the results are presented in Fig. 8−11. 
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Evidently, the ice−solution phase boundary shift to lower temperatures within the 8.5 nm pore, 

and the experimenal melting points are systematically lower than the calculated ice melting curve 

(blue dottted curve). This deviation higlight the inherent drawback of applying a constant cl to 

the while concentration and temperature domin, as interfacial energy is in reality dependent on 

both variables. As shown in Fig. 8−11, the interfacial energy between NaCl2·2H2O and solution (cl) 

was determined to be 20 mJ·m−2 by adjusting the NaCl2·2H2O solubility curve (orange dashed line) 

such that its intersection with the ice melting curves coincides with the experimentally observed 

eutectic temperature. NaCl−solution interfacial energy (cl = 25.6 mJ·m−2) is taken from the 

previous study of our group (Talreja−Muthreja et al., 2022). The calculated solubility curve of 

NaCl (green dashed line) intersects with that of NaCl2·2H2O at lower temperature and higher 

concentration, which is consistent with our analysis on the Fig. 7−31. This shift of the phase 

boundary originates from the asymmetric expansion of the different hydrates due to their distinct 

interfacial energies, highlighting how confinement amplifies the disparity between hydrate 

stability fields compared to the bulk system. 

 
Figure 8−11. Calculated phase diagrams of the NaCl−H2O system for the bulk and for the solution confined 
in an 8.5 nm SBA−15, obtained using the PK model; error bar of Tm denotes the difference between peak 
maximum and either the onset temperature (lower limit) or the offset temperature (upper limit) of the 
melting peak. 

8.2.4 Phase equilibria of (NH4)2SO4 solutions in confinement 

The size dependence of the eutectic points of an (NH4)2SO4 solution was calculated using the PK 

model with three different values of the ice−solution interfacial energy. The calculated eutectic 

points (5 m) were then compared with the experimental data, as shown in Fig. 8−12. The result 

indicates an optimal value of cl = 25 mJ·m−2 for ice, as presented by the black solid curve. This 

interfacial energy value was subsequently applied to calculate the phase equilibria calculation of 

(NH4)2SO4 solution confined within 6.3 nm pore, as presented in Fig. 8−12b. The interfacial energy 

between an (NH4)2SO4 crystal and its saturated solution was determined by adjusting the 
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solubility curve (green dotted line) to intersect with the calculated ice curve (red dotted line) at 

experimental eutectic temperature. The resulting interfacial energy value was 20 mJ·m−2. 

   
Figure 8−12. Comparison of experimental data and calculated results using the PK model with different 
values of crystal−liquid interfacial energies (cl), (a): eutectic points of (NH4)2SO4 solution confined within 
nanopores ranging from 3.8 to 20.6 nm; dotted, solid, and dashed lines represent calculated results using 
low, average, and high cl values, respectively. (b): Phase diagram of (NH4)2SO4 solutions confined in 6.3 nm 
SBA−15, comparison of experimental results with calculated curves under varying cl. The error bar of d 
represents the pore size distribution range of the host materials, while the error bar of Tm denotes the 
difference between peak maximum and either the onset temperature (lower limit) or the offset 
temperature (upper limit) of the melting peak. 

8.3 Deliquescence humidity of salt nanoparticles in porous silica 

8.3.1 DRH of salt nanoparticles in confinement 

As measured samples in the water vapor sorption experiment were less-filled during the solution 

impregnation, the Laplace pressure indeed appear during the during deliquescence. Therefore, 

the PKL model was utilized to calculate the DRHs for salt nanoparticles confined within porous 

silica. The contact angle in the interface of solution curvature and pore wall was assumed to be 

0 °, and surface tensions and apparent molar volumes were taken from Fig. 8−3 and Fig. 8−5. The 

results are presented in Fig. 8−13 and compared with experimental data. Overall, the simulated 

DRH values agree well with experimental data when appropriate cl are applied: 20 mJ·m−2, 60 

mJ·m−2, 50 mJ·m−2, 30 mJ·m−2, and 20 mJ·m−2 for KCl, MgCl2·6H2O, NaClO4·H2O, Mg(ClO4)2·6H2O, 

and Ca(ClO4)2·4H2O, respectively. Among these, the DRH of Ca(ClO4)2·4H2O was detected only in 

20.6 nm pore, and it aligns most closely with the calculated DRH curve assuming cl = 20 mJ·m−2, 

as marked by the purple solid curve in Fig. 8−13f.  

The influence of salt−liquid interfacial energy (cl) is not significant for KCl, only a slightly 

decrease in DRH is observed when cl increases from 10 to 50 mJ·m−2, as shown in Fig. 8−13a. In 

contrast, similar changes in cl have a considerably larger influence on DRH of other salts, 

including MgCl2·6H2O, NaClO4·H2O, Mg(ClO4)2·6H2O, and Ca(ClO4)2·4H2O. The interfacial energy cl 
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indirectly influences the water vapor pressure by enhancing the solubility of the confined salt 

nanoparticle, as indicated in Fig. 8−14a. However, unlike Mg(ClO4)2 and Ca(ClO4)2, the 

concentration increase of the weakly hygroscopic salt KCl does not substantially lower the water 

vapor pressure, as seen in Fig. 8−14b. Therefore, the DRH lower shift of salt in the nanopores is 

dominated by the curvature−induced reduction in vapor pressure at the solution−gas interface.    

 
Figure 8−13. DRHs at 25 °C of chloride and perchlorate salt nanoparticles confined in porous silica with 
pore sizes ranging from 3.8 to 20.6 nm. Experimental data (symbols) and PKL modeled curves (lines), (a): 
KCl, (b): MgCl2·6H2O, (c): β−CaCl2·4H2O or CaCl2·2H2O, (d): NaClO4·H2O, (e): Mg(ClO4)2·6H2O, (f): 
Ca(ClO4)2·4H2O. The error bar of d represents the pore size distribution range of the host materials, while 
the error bar of DRH or ΔDRH denotes the deviation between average value and either the onset DRH 
(lower limit) or the offset DRH (upper limit) of the water vapor sorption isotherm. 
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Figure 8−14. Calculated solubility of salt nanoparticles in porous silica (a), and water activity of salt solution 
(b) at 25 °C, obtained using PKL model. 

Water vapor sorption of CaCl2·nH2O: From an experimental perspective, deliquescence is 

typically identified by a noticeable change in the slope of water vapor sorption isotherms, 

regardless the type of solid phase. However, from a modeling standpoint, it is essential to specify 

the solid phase in equilibrium during deliquescence. In the case of bulk CaCl2·nH2O, the water 

vapor sorption process involves multiple metastable phase transitions. The hydration from 

CaCl2·2H2O to β−CaCl2·4H2O, followed by the deliquescence of latter, has been analyzed in detail 

in Chapter 5 and also in the previous publication (Wang et al., 2024). As shown in Fig. 5−8 and 

Fig. 5−12, the deliquescence of bulk calcium chloride hydrate occurs with β−CaCl2·4H2O, rather 

than the thermodynamic stable α−CaCl2·4H2O or CaCl2·6H2O.  

Herein, we assume that the deliquescence behavior of calcium chloride hydrates in porous silica 

follows that of the bulk phase, equilibrating with β−CaCl2·4H2O or possibly with CaCl2·2H2O. In 

bulk conditions, the equilibrium hydration RH from CaCl2·2H2O to β−CaCl2·4H2O is approximately 

12.5%. Unlike the pronounced RH depression observed for deliquescence in nanopores, 

hydration transitions appear to be far less sensitive to pore size, as suggested by the study from 

Eberbach et al., (2023). Therefore, the experimentally observed DRHs below 12.5% likely 

corresponds to the deliquescence of CaCl2·2H2O. The calculated DRHs for CaCl2·2H2O and 

β−CaCl2·4H2O are shown as the black dot curve and red solid curves in Fig. 8−13c, respectively. 

The green−shaded region indicates the RH range where deliquescence of CaCl2·2H2O is expected. 

The interfacial energies (cl) for CaCl2·2H2O and β−CaCl2·4H2O are roughly estimated to be 55 

mJ·m−2 and 60 mJ·m−2, respectively. 

8.3.2 Limitations of the thermodynamic model 

The thermodynamic model generally performs well for phase equilibrium calculations in larger 

pores (approximately > 5 nm), but fails to yield valid results in smaller pores. The lower limit of 

model applicability arises from two primary factors: 
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(1) The extrapolation uncertainty of thermodynamic properties at highly 

supersaturated solutions.  

The water vapor pressure of a salt solution is dictated by its molality, which is determined 

by the dissolution equilibrium of the salt. Theoretically, the chemical potential of a salt 

nanoparticle is elevated relative to that of its bulk counterpart due to the contribution of 

surface energy. The chemical potential of the salt MX(aq) can be expressed as: 

               𝜇௟  =  𝜇௟
° + 𝑅𝑇ln൫aெ

୬ a௑
୷ aௐ

௭ ൯ =  𝜇௟
° + 𝑅𝑇ln𝑄                                                      (8–6) 

where Q reflects the ion activity product. In order to achieve equilibrium with a 

nanoparticle, the ion activity of MX(aq) in the liquid phase need to increase, implying a 

higher solubility than that in the bulk. As shown in Fig. 8−14a, the calculated solubility 

increases significantly in the pores below 10 nm. However, in PKL or PK model, the value 

of lnQ tends to plateau (e.g., for KCl and NaClO4·H2O) or even decline (e.g., for CaCl2·4H2O) 

at molalities far beyond bulk solubility limits (Fig. 8−15a), indicating an inability to 

achieve dissolution equilibrium regardless of further increase in salt molality. This 

plateau or decrease in lnQ is physically unreasonable and limits the model’s applicability 

in strongly confined space (< 5 nm), where the solubility product salt is significantly 

larger than in bulk. This issue stem from the limitation of parameter extrapolation. Like 

other semi−empirical models, the Pitzer model parameters are obtained through 

regression of experiment data, (e.g., water activity and activity coefficient) and are 

reliable within the validated temperature and concentration range. However, in 

extrapolated regions (the green area in Fig. 8−15b), the predicted thermodynamic 

properties may appear plausible yet carry considerable uncertainty. The potential 

deviation in activity coefficient or water activity can result in unphysical lnQ behavior in 

highly supersaturated regions. 

   
Figure 8−15. (a): Comparison of the natural logarithms of the solubility product constant (lnK) and the ionic 
activity product (lnQ) for KCl, CaCl2·4H2O, and NaClO4·H2O (or NaClO4·2H2O) at 25 °C; (b): Water activity 
and mean activity coefficient of CaCl2 solutions as a function of molality at 25 °C. 
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(2) The influence of interfacial energy in strong confinement  

In smaller pores (approximately < 5 nm), the solubility of salt nanoparticle is strongly 

influenced by both particle size and salt−solution interfacial energy (cl). Unlike bulk 

system, where thermodynamic variables depend solely on temperature and pressure, the 

confined solution is influenced by additional interfacial forces. During deliquescence, the 

solution is trapped between the salt crystal and the pore wall. When these interfaces are 

in close proximity, the interaction of two interfaces significantly alters the chemical 

potential of the confined solution, contributing an additional interfacial energy term Δ 

(Wang et al., 2025). For computational simplicity, the cl was assumed constant across all 

concentrations and pore sizes in this study. Although this assumption facilitates modeling, 

it introduces inaccuracies under strong confinement, leading to poor predictive 

performance. 

In summary, while extrapolation is a known limitation of empirical models, it also highlights the 

exploratory power of modeling in extreme conditions, such as nanoscale confinement. The key 

question is how far such model can be extended beyond the available experimental data while 

retaining physical relevance.  

8.3.3 Modeling of water vapor sorption isotherm  

Deliquescence refers to the phase transition from a crystalline solid to a saturated salt solution, 

typically characterized by a sharp increase in water uptake at a critical relative humidity (known 

as DRH) in the water vapor sorption measurements. For a bulk crystal, this transition at 

well−defined relative humidity values. In contrast, for confined salt particles, deliquescence 

occurs gradually over a broader humidity range, as illustrated in Fig. 7−30 and Fig. 7−33. A 

representative example is the water vapor sorption behavior of KCl in the 7.0 nm pore silica, as 

presented in Fig. 8−16a. Unlike the sharp sorption profile of bulk KCl, the confined system shows 

initial water uptake at very low humidity, increasing progressively before a more abrupt rise near 

the DRH. The gradual uptake at low humidity is attributed water adsorption on the pore walls, 

while the continuous increase near 60% RH corresponds to the deliquescence of KCl within the 

nanopores.  

The finite slope in the vapor sorption curve at the deliquescence step reflects the influence of pore 

size distribution of the host material, which was presented in Fig. 4−1. The SBA-15 silica with 

pore size maximum at 7.0 nm exhibits a distribution primarily spanning from 5 nm to 10 nm, 

resulting in a range of DRH from approximately 47% to 65%. The volume fraction of porous 

material (∅) at each pore size was calculated using the expression: 
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∅ = ୢ௩×(ௗ౦(౟శభ)ିௗ౦(౟))

∑ ୢ௩ೕ
೔ ୢௗ౦

                                                                      (8−7) 

Where dv is the differential pore volume at each pore diameter, 𝑑୮(୧) and 𝑑୮(୨) denote the starting 

and ending pore diameters of integrated area, respectively, within the range from 0 to 50 nm. It 

is assumed that, at each RH, the water uptake arises solely from the deliquescence of the KCl 

confined within the pores of the corresponding size, where saturated KCl solution is formed and 

completely fills pore volume. Based on this assumption, the adsorbed water content as a function 

of RH and pore size was calculated using PKL model. To enable a direct comparison with the water 

vapor sorption behavior of the KCl-loaded 7.0 nm SBA-15, the calculation was restricted to the 

same pore size distribution and volume fraction as in the experiment. The resulting water uptake 

is plotted against RH in Fig. 8−16b, together with the experimental data (red sphere), which were 

obtained from the differential of the water vapor sorption curve shown in Fig. 8−16a. 

   
Figure 8−16. (a): water uptake of KCl in porous silica as a function of relative humidity; (b): the water vapor 
sorption isotherm of KCl nanoparticle in 7.0 nm porous silica at 298.15 K. 

The calculated water uptake curve (black dashed line) is narrower and reaches a higher 

maximum than the experimental derivative data (red sphere), yet the primary region of water 

uptake corresponds well with the experimental observation. The blue solid curve in Fig. 8−16a, 

obtained by integrating the black dashed curve from Fig. 8−16b, represents the total calculated 

water uptake as a function of relative humidity. This curve aligns closely with the experimental 

data (red sphere) in the initial adsorption region (prior to deliquescence), but significantly 

overestimate the uptake during the deliquescence transition. To account for this, a scaled curve 

(blue dashed line, 70% of the calculated value) is also plotted, demonstrating improved 

agreement with the experimental data. This comparison supports the conclusion that the water 

vapor sorption behavior of the composite is strongly inherited from the pore size distribution of 

the host porous silica. The apparent overestimation of the calculated water content, as evidenced 

by the solid blue curve in Fig. 8−16b, can primarily be ascribed to the substantial uncertainty 

associated with the solubility-equilibrium calculations. Since the concentration of KCl solutions 
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exhibit only a week dependence on water activity, even larger derivations in the calculated 

solubility exert little influence on the predicted DRH values within the nanopores. As a result, the 

measured uptake falls below the theoretically predicted values derived from the PKL model.  

8.4 Conclusion 

In this Chapter, the phase equilibria of confined salt solutions, including NaCl, KCl, MgCl2, CaCl2, 

NaClO4, Mg(ClO4)2, Ca(ClO4)2, and (NH4)2SO4, were systematically investigated through modeling 

of ice melting points, eutectic points, and deliquescence relative humidities. Available surface 

tension of salt solutions and apparent molar volumes at infinite dilution were critically evaluated, 

and physically reasonable extrapolations were performed to extend the model lower 

temperatures and higher concentrations. Two modeling scenarios were introduced, PK 

(Pitzer−Kelvin) and PKL (Pitzer−Kelvin−Laplace), to examine the influence of Laplace pressure 

on the ice melting and salt dissolution equilibria. These simulations showed good agreement with 

the experimental data when appropriate values for the ice−solution (cl) and the salt−solution (cl) 

interfacial energies were applied. Furthermore, the limitation of the model under strong 

nanoconfinement (< 5 nm), were analyzed from the perspective of solution activity coefficient 

and interfacial energy (cl). Additionally, the influence of pore size distribution of silica host 

materials on the vapor sorption was also addressed. The major findings are summarized below: 

(1) Depression of ice melting and eutectic temperatures 

Both the melting and eutectic points of aqueous solutions confined in nanopores shift downward 

with decreasing pore size. This depression arises primarily from two factors: the interfacial 

energy between the crystal and the solution, and the Laplace pressure imposed by the concave 

solution−vapor interface. To disentangle these effects, two thermodynamic frameworks were 

compared: the PK model, which combine Pitzer theory with the Kelvin equation, and the PKL 

model, which further incorporates the contribution of Laplace pressure. PKL model compensates 

for salting-out effects induced by negative Laplace pressure through enhanced crystal-solution 

interfacial energy (cl). This correction become especially important for salts that undergo 

substantial volume change upon dissolution, and it provides a consistent explanation for the 

shifts and boundary displacement observed in the confined phase diagrams. 

(2) Deliquescence in confinement 

The depression of the deliquescence relative humidities in confined salts arises from the 

combined effect of concave solution−vapor interface and the presence of dissolved ions. The 

curvature of the confined meniscus lowers the vapor pressure, while ion−solvent interactions 

further reduce the equilibrium humidity. Within the framework, the interfacial energy (cl) 
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between the salt nanocrystal and the surrounding solution is accounted for, leading to enhanced 

solubility and a corresponding decrease in water activity. At same time, the negative Laplace 

pressure introduced in confined pores is incorporated as a counteracting factor in the model, 

which may reduce solubility and increase water activity. Beyond shifting DRHs to lower humidity, 

confinement can also alter solid-phase stability. The PKL model captures this behavior, for 

example in multi-hydrate systems such as CaCl2·nH2O, where confinement not only depresses 

DRHs but also stabilizes lower hydrates as the equilibrium solid phase. 

(3) Water uptake behavior 

In contrast to the sharp deliquescence step characteristic of bulk salts, confined systems exhibit 

a progressive water uptake. This continuous increase reflects the pore size distribution with in 

the host material, where smaller pore deliquescence at lower relative humidities while larger 

pores contribute at higher humidities. As a result, the overall sorption profile becomes broadened, 

directly linking the confinement-induced shift of DRHs to the heterogeneity of the pore network.  

In summary, the thermodynamic model that integrates Pitzer theory, the Kelvin equation, and 

Laplace pressure successfully captures phase equilibria shifts in larger pores (> 5 nm), including 

ice melting, salt dissolution, and deliquescence. However, its applicability diminishes in smaller 

pores (< 5 nm). The primary limitations of the model stem from the lack of reliable 

thermodynamic data, such as surface tensions, activity coefficients, and solution molar volumes, 

under supercooled and highly supersaturated conditions. Moreover, the assumption of a constant 

crystal−solution interfacial energy breaks down at strong confinement, further undermining 

model accuracy. These constraints highlight the limitation of semi−empirical model in extreme 

nanoscale environments. Coupling with molecular simulations may offer a promising pathway to 

overcome these challenges, providing physically grounded insights in regimes where empirical 

model struggle.  
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Chapter 9. Water film: the motor of phase transitions of salt 

mixtures 

The presence of water film on the crystal surface induces the deliquescence of soluble electrolytes 

and causes powder agglomeration (Dupas−Langlet et al., 2015), it also facilitates solid−solid 

reactions of salt particles, such as hydration reactions (Steiger et al., 2008b; Houben et al., 2022). 

This process involves the dissolution of the educt phase and nucleation of the product phase 

within the nano- or microscale water film. In multicomponent systems, phase transitions or 

chemical reactions are frequently observed when exposed to water vapor. These processes, such 

as mutual deliquescence of salt mixtures, the formation of double salts or solid solutions, and 

other chemical reactions are facilitated by the water film compared to direct solid−solid reactions. 

Numerous studies investigated nanoscale interfacial reactions in various systems using advanced 

techniques. These studies have primarily focused on microscale salt−water interfacial 

interactions in binary salt−water systems. However, in multicomponent systems, exposure to 

water vapor often leads to more complex phase transitions and chemical reactions, such as 

mutual deliquescence of salt mixtures, the formation of double salts or solid solutions, and other 

water film-facilitated chemical reactions. The underlying mechanisms driving these processes 

remain insufficiently understood. Although capillary condensation has been proposed to explain 

the mutual deliquescence of salt mixtures in contact with water vapor, direct experimental 

evidence on the specific role of a water film in this process is still lacking. Therefore, it is essential 

to experimentally elucidate the initiation and progression of these reactions in salt mixtures upon 

exposure to water vapor. 

In this Chapter, dynamic water vapor sorption, Raman spectroscopy, and environmental scanning 

electron microscopy (ESEM) were used to probe the role of the water film in phase transitions of 

a reciprocal quaternary salt systems, Na−Cl–−K−NO3–//H2O. Our goal was to elucidate the 

contribution of the water film to the mutual deliquescence of the ternary salt mixtures, and, for 

the first time, to understand its role in the transformation of the metastable salt pair according to 

KCl  NaNO3  NaCl  KNO3 and NaCl + (NH4)2SO4  NH4Cl + Na2SO4. The influence of relative 

humidity of the latter solid-state reaction is particularly interesting as water is not involved in 

the reaction equation. The findings provide a detailed explanation of the mechanisms of vapor–

solid and solid–solid reactions in analogous systems. 
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9.1 Experiments 

9.1.1 Water vapor sorption 

Water vapor sorption isotherms of two reciprocal quaternary systems: Na−Cl–−K−NO3– (ten 

samples: NaCl, KCl, NaNO3, KNO3, NaCl  KCl, NaCl  NaNO3, KNO3  KCl, KNO3  NaNO3, KCl  

NaNO3, and NaCl  KNO3), and Na−Cl–−NH4
−SO42– (nine samples: NH4Cl, Na2SO4, (NH4)2SO4, 

NH4Cl  NaCl, NH4Cl  Na2SO4, NH4Cl  (NH4)2SO4, (NH4)2SO4  NaCl, (NH4)2SO4  Na2SO4, and 

Na2SO4  NaCl) were measured using an SPSx−1µ moisture sorption analyzer (ProUmid GmbH). 

In the SPSx−1µ up to 23 samples are placed in dishes in a temperature and relative humidity (RH) 

controlled chamber. The dishes are automatically positioned on the load cell of a microbalance 

and the samples are weighed at predefined time intervals (30 min in this study). Samples of 

approximately 50 mg were used in each measurement and all mixtures had a molar ratio of 1:1. 

Isotherms were collected at 25 °C by increasing the RH from 0−95% in 2% steps and a hold time 

of 10 h at each humidity step. A detailed investigation of the hold time in deliquescence 

measurements was carried out recently (Stahlbuhk et al., 2025b).  The measurement conditions 

selected in the present study (50 mg sample size and 10 h hold time) are sufficient to detect the 

deliquescence step in the water uptake curves reliably while still keeping the measurement times 

acceptable (Stahlbuhk et al., 2025b). 

9.1.2 Environmental scanning electron microscopy 

Phase transformations on crystal surfaces or at crystal interfaces of salt mixtures were 

investigated using environmental scanning electron microscopy coupled with energy−dispersive 

X-ray spectroscopy (ESEM−EDX, EVO system, Carl Zeiss Microscopy GmbH). Measurements 

aimed to observe in-situ topology changes and variations of the elemental composition. To 

achieve a broad relative humidity range in the high-vacuum chamber, ESEM was performed at 

3 °C with the chamber containing only water vapor. Relative humidity was derived from the 

chamber pressure by RH = (p/psat)  100, with psat  758 Pa at 3 °C. Thus, for example, the working 

range was 1.3% RH at p  10 Pa and 82.5% RH at p  625 Pa. Pressures were incremented 

between minimum and maximum pressures of 10 Pa and 625 Pa, respectively. Each setpoint was 

held constant until pressure stability and stage temperature drift < 0.1 °C were achieved before 

imaging. Other experimental parameters include an accelerating voltage (Extra High Tension, 

EHT) of 20.00 kV, a LaB6 (lanthanum hexaboride) cathode filament, and an NTS BSD detector 

(nano Technology Systems BackScattered). Unless otherwise specified, all micrographs were 

captured at a magnification of 208. 
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ESEM experiments were conducted with a self-grown NaCl single crystal, a NaCl + KCl salt mixture, 

a mixture of self-grown single crystals of NaCl and KCl and a mixture of NaNO3 and KCl. Prior to 

SEM imaging, the samples were dried at 50 °C and 1% RH for 30 minutes to remove the adsorbed 

water accumulated during sample preparation 

9.1.3 Time−lapse microscopy 

The deliquescence behavior of NaCl, KCl, and their mixture was documented using time−lapse 

micrographs captured with a 3D−digital microscope (HIROX) with the following setting: 100 to 

200 magnification, lens MXG−2500REZ; KH−8700, with a view field diameter of 2079.49 µm and 

1.30 µm resolution. The experiments were conducted in a climate−controlled chamber equipped 

with a glass window, where the relative humidity in a 0.2 L·min−1 constant gas flow of nitrogen 

was controlled using a humidity generator GenRH/Mcell (ProUmid GmbH) with a HC2−IC 102 

humidity probe (Rotronic). All observations were performed at room temperature (20 ± 1 °C). 

9.1.4 Raman spectroscopy  

Raman reference spectra of NaNO3 and KNO3 were collected on a Senterra Raman dispersive 

microscope (Bruker Optics GmbH). The laser was operated at 532 nm and 20 mW with an 

integration time of 10 s and spectra were recorded in the 20–2500 cm-1 spectral range. Additional 

in-situ Raman spectra were collected during the water vapor sorption experiments using a WP 

785 nm laser (Wasatch Photonics) operated at 450 mW and 200 ms integration time (two scan 

average). Spectra were recorded in the range 270−2000 cm–1 with 7 cm–1 resolution and a 

working distance of 50 mm. The Raman probe was positioned on the glass-top cover of the SPSx-

1µ instrument (ProUmid GmbH, Germany). Spectra were recorded during the water vapor 

sorption of the NaNO3  KCl mixture, humidity was increased in 2% increments in the range 28–

73% RH with a hold time of 5 h at each step. 

9.2 Results and Discussion 

9.2.1 Water adsorption on a NaCl surface 

Micrographs of a NaCl single crystal were collected across a range of relative humidity from 1.3% 

to 82.5% RH at 3 °C and elemental mapping using energy-dispersive X-ray spectroscopy (EDX) 

was conducted at each RH step, selected images are shown in Fig. 9−1. Although water was not 

observed visually on the crystal surface at 1.3% RH, elemental analysis revealed a few oxygen-

rich regions, as highlighted by the orange circle in Fig. 9−1c. Given that neither NaCl nor the 

carbon substrate contains oxygen, these areas are attributed to water molecules either as newly 

adsorbed water or as residual water after drying. EDX micrographs (Fig. 9−1c to Fig. 9−1f) 
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demonstrate the variation in oxygen density on the NaCl surface with changing relative humidity. 

At 75% RH, just below the DRH of NaCl (76% at 3 °C), oxygen (green spots) almost uniformly 

covers the surface. At 82.5% RH, the crystal surface is dominated by oxygen indicating the 

formation of the bulk solution film. Quantitative analysis at 1.3% RH yields weight fractions of 

1.6% (oxygen), 54.0% (chlorine), 37.1% (sodium) and 5.6% (carbon substrate). The weight 

fraction of oxygen increases to 52.8% at 82.5% RH. Figure 9−1b illustrates the increasing amount 

of surface water with increasing RH as measured by the oxygen weight fraction, and an EDX 

elemental mapping image of oxygen is shown in Fig. 9−2. Notably, a change of the slope above 60% 

RH suggests the beginning of ion mobilization and the formation of a solution film.  

 
Figure 9−1. Illustration of the crystal surface topology (ESEM images a) and elemental distribution (EDX 
images c, d, e, f) with changing RH; EDX elemental mapping: sodium (red) chlorine (orange), and oxygen 
(green); (b) weight fractions of oxygen w(O) (H2O), sodium w(Na) and chlorine w(Cl) on NaCl surface vs. 
relative humidity. Black lines in Figure 9−1b are drawn to guide the eyes. 

 
Figure 9−2. EDX elemental mapping of oxygen distribution on the NaCl surface as the relative humidity 
increases from 1.3% to 82.5% RH. 
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Unlike water condensation in the atmosphere or on hydrophobic surfaces, the formation of an 

adsorbed water film on the NaCl crystal surface helps to bypass the nucleation barrier for the 

water liquefaction. Instead, condensation at higher humidity is driven by the reduced water 

activity in the brine on the crystal surface rather than by the solid–gas interaction. These results 

are in line with infrared spectroscopy and X-ray photoelectron spectroscopy studies (Peters and 

Ewing, 1997a; Verdaguer et al., 2008; Dai et al., 1997), in which the water adsorption on a NaCl 

surface has been categorized into three stages: (1) adsorption of isolated water molecules (0–30% 

RH), (2) multilayer water adsorption (30%−50% RH), (3) bulk−like water film formation (50% 

to DRH). Ion solvation and ion mobility begin below 50% RH, corresponding to approximately 

two to three water layers on the crystal surface, allowing for the formation of a three-dimensional 

structure around hydrated ions (Peters and Ewing, 1997a; Verdaguer et al., 2008; Dai et al., 1997). 

Enhanced ion mobility facilitates the formation of hydrated ion clusters, increasing the amounts 

of available sites for further water adsorption, and enhancing water vapor sorption above 60% 

RH. According to a previous study (Bruzewicz et al., 2011), the thickness of this film reaches 

approximately 5 nm at 75% RH, which is close to the DRH of NaCl at 25 °C. This film thickness is 

sufficient for ion solvation, thus, it is best considered as a brine film as supported by both 

experimental observations (Verdaguer et al., 2008; Lin et al., 2021; Dai et al., 1997; Verdaguer et 

al., 2005; Bruzewicz et al., 2011) and thermodynamic considerations (Bruzewicz et al., 2011). The 

investigation in ESEM and EDX elemental mapping offers a new insight into the water adsorption 

behavior on NaCl crystal surfaces. 

9.2.2 Mutual deliquescence of ternary salt mixtures 

Water vapor sorption isotherms for pure NaCl, KCl, NaNO3, KNO3, and their ternary mixtures are 

shown in Fig. 9−3. It is evident that the mutual deliquescence relative humidity (MDRH) of the 

four salt mixtures (indicated by the black dots in pictures from Fig. 9−3a to Fig. 9−3d) is lower 

than the deliquescence humidities (DRH) of the pure salts in all four cases. The depression in 

MDRH was also confirmed through time−lapse optical microscopy observations of the NaCl  KCl 

system, as shown in Fig. 9−3e and Fig. 9−3f. In this setup, adjacent NaCl and KCl crystals simulate 

a salt mixture, while isolated NaCl and KCl crystals serve as pure salt references for comparison. 

As illustrated in Fig. 9−3f, the NaCl  KCl mixture begins to transform into a droplet at a certain 

humidity level, indicating the onset of deliquescence, while the isolated NaCl and KCl crystals still 

remain stable. 
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Figure 9−3. Water vapor sorption curves of pure NaCl, KCl, NaNO3, KNO3 and their ternary mixtures at 25 °C. 
e−f: micrographs of the NaCl  KCl at 65% RH (e) and 78% RH (f). 

This shift agrees with both theoretical considerations as discussed below and with model 

calculated MDRH of the four mixtures provided in the Figs. 9−4 and 9−5. The solubility diagrams 

of the ternary systems NaCl–KCl–H2O, NaCl–NaNO3–H2O, NaNO3–KNO3–H2O, KCl–KNO3–H2O have 

been calculated using the same thermodynamic model used to calculate the phase diagram of the 

reciprocal system. This model has been validated using experimental solubility which are 

reproduced to within experimental data by the model calculations (Steiger et al., 2008a).  

 

Figure 9−4. Solubilities in the four ternary systems, solid phases as indicated (symbols represent invariant 
points, IV). 
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The solubilities in the four ternary systems are presented in Fig. 9−4. Each line represents the 

solubility of one salt upon increasing the concentration of the second salt. The intersection of the 

two curves represent the invariant points (IV), i.e., the solutions saturated with respect to both 

salts. Figure 9−5 presents the water activities of the saturated solutions shown in Fig. 9−4 versus 

the mole fraction composition, i.e., the relative humidity in equilibrium with these solutions. 

Again, the intersection of two respective curves is the equilibrium humidity (water activity) of 

the solutions that are saturated with respect to both solids. At lower relative humidities, a 

solution is not stable and both salts are in the crystalline state. Therefore, the water activity of the 

solution saturated with both salts equals the mutual deliquescence humidity (MDRH) of the 

respective mixture, i.e., the relative humidity at which deliquescence starts. In agreement with 

theory, it is obvious the saturation water activities decrease with increasing concentration of the 

second salt such that the MDRH is always lower than the DRH of both single salts. The calculated 

values of the MDRH are in good agreement with the experimental data shown in Fig. 9−3, in 

particular, if it is considered that the water vapor sorption measurements are dynamic rather 

than equilibrium measurements. 

 

Figure 9−5. Water activities aw of saturated and mutual deliquescence humidities (MDRH), aw at the 
invariant points. 

To further explore this process on a smaller scale, water adsorption in a NaCl  KCl mixture was 

observed in the ESEM imaging mode at various RHs. Figure 9−6a shows the initial morphology of 

two crystals, KCl (top) and NaCl (bottom), connected by a narrow bridge. The EDX elemental 
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mapping in Fig. 9−6b reveals that certain areas of each crystal were contaminated by the other 

during sample preparation, visible as red shading on the KCl and the green strip (highlighted by 

the orange circle) on the NaCl surface. The shape of these contaminated areas, indicated by 

variable brightness in the SEM micrograph (Fig. 9−6a, orange circle), aligns well with the EDX 

image in Fig. 9−6b. Upon exposure to water vapor, the liquid droplet first appears in the 

contaminated areas at 79% RH, as indicated by the orange circle in Fig. 9−6e. This droplet 

formation results from the mutual deliquescence between contaminant KCl and NaCl substrate. 

However, the droplet remained localized, unable to spread across the entire crystal, as the limited 

amount of contaminant KCl was quickly depleted, preventing further deliquescence. At the 

NaCl−KCl interface, the salt bridge begins to become liquid at 80% RH, as highlighted by the green 

cricle in Fig. 9−6f. As time progressed and humidity increased, ions from both KCl and NaCl 

continuously diffuse into the liquid bridge, leading to its expansion and, eventually, to the 

liquefaction of the entire system.  

 

Figure 9−6. SEM micrograph (a) and EDX elemental mapping (b) of two adjacent NaCl and KCl crystals at 
1.5% RH (green: potassium, red: sodium, orange: chloride); (c)–(k): SEM micrographs of the two crystals 
at various RHs and 3 °C.  

To better assess the process at the interface, a pair of NaCl and KCl crystals with smoother 

surfaces were grown and placed next to each other (Fig. 9−7). These crystals allow for a closer 

contact area than the standard commercial crystals used before (Fig. 9−6). Water vapor sorption 

and deliquescence in the interfacial area as observed by SEM is presented in Fig. 9−7 within a 

humidity range of 75% to 77%. The results indicate that a liquid film forms along the edge of 

microcrystal on the crystal surface at 75% RH, seen in the orange circle in Fig. 9−7a. It is assumed 

that a liquid film, just as observed in Fig. 9−6 on the crystal surfaces, also forms in the contact 
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area of the crystals though it is not visible in the micrographs. At 77% RH, the formation of liquid 

in the interface region is evident and at constant RH the deliquescence process continues. 

 

Figure 9−7. SEM micrographs during the formation of a liquid film at the interface between two crystals of 
NaCl (top) and KCl (bottom). 

To understand why salt mixtures exhibit a lower mutual deliquescence relative humidity 

compared to the respective pure components, it is necessary to interpret this phenomenon from 

both thermodynamic and dynamic perspectives, focusing on the conditions for equilibrium and 

the onset of liquefaction at lower humidity. Thermodynamically, deliquescence represents an 

equilibrium between the crystalline solid, the saturated solution and water vapor. Thus, the 

relative humidity equals the water activity of the saturated solution. In this equilibrium, the 

aqueous solution acts as a bridge that facilitates interaction between water vapor and salt crystal, 

maintaining the balance of salt dissolution−crystallization and water evaporation−condensation. 

Wexler and Seinfeld (1991) demonstrated on thermodynamic grounds, using the Gibbs−Duhem 

equation, that the water activity of a solution saturated with respect to a solid is always lower in 

the presence of a second solute. To illustrate this, we consider a saturated aqueous solution of an 

electrolyte 1 (e.g., NaCl) to which a second electrolyte 2 (e.g., KCl) is added. The Gibbs–Duhem 

equation for this solution is: 

𝑛ଵ𝑑𝜇ଵ + 𝑛ଶ𝑑𝜇ଶ + 𝑛௪𝑑𝜇௪ = 0                                                      (9−1) 
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The chemical potential of NaCl(aq) does not change and equals the chemical potential of NaCl(cr) 

as long as the solution is saturated. At the same time, the chemical potential of KCl(aq) increases 

with increasing concentration slowly approaching the chemical potential of the second solid 

phase KCl(cr). Thus, the first term in eq 9−1 vanishes as 𝑑𝜇ଵ = 0, the second term is always 

positive and, consequently, the third term must be negative. Since 𝜇௪ = 𝜇௪
∘ + R𝑇ln𝑎௪ , 𝑑𝜇௪  is 

only negative if the water activity aw decreases upon addition of the second electrolyte at 

saturation of the first one. The same applies if NaCl is added to a saturated solution of KCl. In 

effect, for both solids, the water activities of saturated solutions decrease with increasing 

concentration of the second electrolyte. At the intersection of the two curves, both solids are 

saturated and the water activity now equals the MDRH (see in Fig. 9−5). Thus, the water activity 

of the solution saturated with respect to two solids is always lower than the DRH of the respective 

pure compounds.  

Regarding the mechanism of liquefaction at a RH below the MDRH, despite liquid water being 

thermodynamically unfavorable on a pure salt surface, it is hypothesized that the adsorbed water 

film acts as a catalyst. As previously explained, the deliquescence of NaCl commences with the 

formation of a water film. Similarly, the water adsorption occurs at the interface of NaCl and KCl. 

Due to the surface roughness, two crystals are unable to form a perfect contact, likely leaving a 

slit in the interfacial area, as depicted Fig. 9−8. With increasing humidity, the adsorbed water 

layers on both sides converge, forming thicker layers as shown in the ESEM micrographs in Fig. 

9−6 and Fig. 9−7. The merged solution film facilitates ion exchange and diffusion between NaCl 

and KCl. Notably, this merged film contains both Na+, K+, and Cl– ions, whereas the initial adsorbed 

water layers on the pure salt surface contains only a single solute. An alternative interpretation 

suggests that the initial liquid film is formed directly by capillary condensation between two 

particles (Kwok et al., 2010). In porous silica materials, water condensation pressure can drop 

below 60% RH at 25 °C when the pore diameter is reduced to 2.5 nm (Rother et al., 2022), and 

this threshold decreases further in the presence of salt (Talreja−Muthreja et al., 2022). Although 

it is unlikely that such a small pore was present in our SEM investigation, nanoscale irregularities 

likely exist in the contact area of two surface, as shown schematically in Fig. 9−8. Thus, the 

formation of a nanodroplet is essential for connecting two surfaces at the atomic level, regardless 

of how the droplet was generated. The ion diffusion results in a solution film that is saturated 

with respect to both salts, exhibiting a lower water vapor pressure than a solution with a single 

solute. The growth of the solution film is controlled by the humidity and it remains confined to 

the interfacial area until the RH in the environment reaches the MDRH. At this point, the solution 

spreads over the bulk crystals, leading to macroscopic dissolution. Microscopic water adsorption 

or capillary condensation also exist at the grain interface of a pure salt, as shown in the upper 

schematic diagram of Fig. 9−8. This process acts as a trigger for the transition from water vapor 
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to solution but it remains confined in the interface below the DRH, as the bulk dissolution process 

is governed by the multiphase thermodynamic equilibrium between gas, liquid and solid phase. 

 
Figure 9−8. Schematic diagram of the deliquescence of a single salt (upper) and a salt mixture (bottom). 

9.2.3 The transformation of metastable salt pair 

The system Na−K−Cl−NO3
//H2O is a simple reciprocal quaternary system. It consists of four 

solid-phase regions corresponding to NaNO3, NaCl, KCl, and KNO3, along with five two-phase co-

saturated lines and two invariant points (Fig. 9−9). Each pair of salt regions shares a common 

phase boundary except NaNO3 and KCl, which are separated by NaCl and KNO3. Thus, the 

crystalline phases NaNO3 and KCl cannot coexist in equilibrium with a saturated aqueous solution. 

Instead, they transform into the NaCl  KNO3 pair. Consequently, NaCl  KNO3 is the 

thermodynamically stable pair, while NaNO3  KCl is the metastable pair in this reciprocal system. 

This raises the question of whether this stability preference of the NaCl  KNO3 pair is maintained 

in the absence of liquid water, particularly when the metastable pair NaNO3  KCl is exposed to 

water vapor. 

The phase diagram of the reciprocal system Na−Cl−K−NO3
//H2O consists of four solid-phase 

regions corresponding to NaNO3, NaCl, KCl, and KNO3, along with five two-phase co-saturated 

lines and two invariant points, as illustrated in Fig. 9−9. Each pair of salt regions shares a common 

phase boundary except NaNO3 and KCl, which are separated by NaCl and KNO3. This separation 

means that the crystalline phases NaNO3 and KCl cannot coexist in equilibrium with a saturated 

aqueous solution. Instead, they spontaneously transform into the NaCl  KNO3 pair according to 

the phase diagram. Consequently, NaCl  KNO3 is the thermodynamically stable pair, while NaNO3 

 KCl is the metastable pair in this reciprocal system. This raises the question of whether this 

stability preference of the NaCl  KNO3 pair is maintained in the absence of liquid water, 
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particularly when the metastable pair NaNO3  KCl is exposed to water vapor. The model 

calculated relative humidities in equilibrium with the two invariant points are 62.5% RH (IV1) 

and 67.2% RH (IV2), respectively. 

 
Figure 9−9. Jänecke diagram of the Na–K–Cl–NO3–H2O reciprocal system at 25 °C calculated with a 
thermodynamic equilibrium model based on Pitzer type ion interaction equations (Steiger et al., 2008a). 
Symbols represent invariant points (IV1 and IV2); the model calculated relative humidities in equilibrium 
with the two invariant points are 62.5% RH (IV1) and 67.2% RH (IV2), respectively. 

The water vapor sorption isotherms of the equimolar mixtures of NaCl  KNO3 and NaNO3  KCl, 

respectively, are depicted in Fig. 9−10a. Notably, the onset of water adsorption for both NaCl  

KNO3 and NaNO3  KCl mixtures occurs at 68% RH, which is lower than the DRHs of the individual 

pure components but aligns closely with the humidity of invariant point 2 (NaCl + KNO3 + KCl, 

shown in the phase diagram Fig. 9−9). Additionally, in a magnification of the results in the 

humidity range below 68 %, a visible water uptake in the sorption curve of NaNO3  KCl is 

observed (Fig. 9−10b, green dots), initiating at the water activity of invariant point 1 (NaCl  KNO3 

 NaNO3, shown in the phase diagram Fig. 9−9) at 62% RH. This observation suggests that partial 

conversion of NaNO3  KCl to NaCl  KNO3 occurs at this stage, which is consistent with their 

common mutual deliquescence relative humidity in the sorption curves. The minor water uptake 

at 62% is likely due to a transition of the metastable to the stable pair in a dissolution–

precipitation process. Similar to the deliquescence of salts and their mixture, also for this 

metastable salt pair, water adsorption or capillary condensation occurs at the grains at low RH, 

accompanied by ion solvation within a nanoscale water film or droplet. To be specific, as depicted 

in Fig. 9−10g, the interfacial solution films originating from both surfaces initially only contain 

two ions each, either Na and NO3
 or K and Cl. With increasing humidity, the films grow in 

thickness, merging to form a multi−component solution containing all four ions supersaturated 

with NaCl and KNO3. As a result, NaCl and KNO3 will crystallize from the solution film until KCl is 

depleted. Prior to reaching a new equilibrium, all four solid phases NaCl, KNO3, NaNO3, and KCl 
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temporarily coexist within the interfacial region. This phenomenon may explain the minor water 

uptake at 62% RH in the sorption curve of Fig. 9−10b, which reflects the mutual deliquescence of 

NaCl, NaNO3, and KNO3 mixture. The extent of mutual deliquescence is determined by the relative 

rates of precipitation (of NaCl and KNO3) and dissolution (of NaNO3 and KCl). In the 62%−68% 

RH range, the bulk solution, rather than the microscopic solution film, serves as the reaction 

medium facilitating interaction between the two crystals. 

 
Figure 9−10. (a): Water vapor sorption curves of several binary and ternary salt mixtures of the system 
Na+–Cl–K+–NO3//H2O; (b): magnification of the RH range in which deliquescence occurs (data are 
displaced vertically for clarity by 0.2 (orange, 0.4 (black), and 0.6 (green)); (c–e): Raman spectra of the 
NaNO3  KCl mixture at various RH; (f): magnification of the spectra in the range of 1020–1100 cm−1; (g): 
schematic diagram of the transition from metastable to stable pair transition.  

To validate the proposed hypothesis, Raman spectra of the metastable NaNO3  KCl pair, with a 

molar ratio of 1:1, were recorded over a humidity range from 27% RH to 73 % RH at 25 °C. Three 

spectral regions, specifically 700−740 cm−1, 1020−1100 cm−1, and 1300−1450 cm−1, are 

illustrated in Figs. 9−10c, d, e, and a detailed view of the Raman peak at 1050 cm−1 is presented 

in Fig. 9−10f. All observed Raman spectra are attributed to the fundamental vibrational bands of 

NO3
 and exhibit notable changes above 63% RH. Indeed, a subtle shoulder appears at 1050 cm−1, 
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whose intensity slightly increases with increasing humidity, until a visible peak at approximately 

65% can be observed. By comparing with the reference spectra of NaNO3 and KNO3 in Fig. 9−11, 

we deduce that this peak shift reflects the transformation of NaNO3 into KNO3. Although NaCl is 

not detectable in the Raman spectrum, it is highly probable that it precipitates as well to maintain 

liquid–solid equilibrium. The onset of these obvious changes in the Raman spectra falls between 

the MDRH of invariant point 2 and the invariant point 1 (shown in the phase diagram Fig. 9−9), 

in accordance with the narrow humidity window for water uptake by the NaNO3  KCl system. 

This supports our assumption that adsorbed water provides the necessary liquid environment 

for the reaction NaNO3  KCl  NaCl  KNO3. This transformation can be divided into two stages, 

the formation of a nanoscale film and the development of a bulk solution. The initial shoulder in 

Fig. 9−10f corresponds to the formation of a small amount KNO3 within a thin solution film, which 

results in a minor increase in water uptake at 62%, as seen in the water vapor sorption curve in 

Fig. 9−10a. This limited water uptake occurs because the mutual deliquescence is impeded once 

one of the eutonic components is depleted. In the second stage, the presence of a bulk solution, 

following mutual deliquescence, the dissolution−precipitation reaction is significantly 

accelerated compared to the nanoscale film stage, leading to the pronounced Raman peak at 1050 

cm−1, characteristic of KNO3.  

 

Figure 9−11. Raman reference spectra of pure NaNO3 and KNO3 (collected with the Senterra Raman 
microscope). 

Additional Raman measurements using a Raman microscope with higher resolution and 

confirming the results presented in Fig. 9−10 are provided in Fig. 9−12. During collection of the 

Raman spectra, the laser was focused on KCl crystal in contact with NaNO3 crystal. Spectra were 

recorded at 50% and 70% RH, respectively. By comparing the micrographs Fig. 9−12a (50% RH) 

and Fig. 9−12b (70% RH), it is evident that new microcrystals have formed on the KCl surface 

upon increasing the RH to 70%. This is confirmed by the corresponding Raman spectra shown in 

Figs. 9−12c and 9−12d, where characteristic Raman signals of crystalline KNO3 only appear in the 

spectrum recorded at 70% RH (shown in black). Thus, these measurements confirm the in-situ 

Raman measurements shown in Fig. 9−10. 
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Figure 9−12. Raman spectra recorded during exposure of an initial mixture of pure NaNO3  KCl to 50% 
and 70% relative humidity, respectively. (a)–(b): Optical micrographs of KCl crystals during Raman 
measurements at the corresponding relative humidities; (c)–(e): Raman spectra recorded at 50 % RH (red) 
and 70% RH (black) confirming the formation of KNO3 microcrystals on the KCl crystal surface in contact 
with NaNO3 at 70 % RH. 

The ESEM images in pictures from Fig. 9−13a to Fig. 9−13d illustrate the morphology changes 

occurring as water molecules adsorb onto the salt surface. It is worth mentioning that two images 

were captured at 62% RH within a 12−hour interval, with the later labelled as 62% RH−2 (Fig. 

9−13c). It is clear from Fig. 9−13a that the NaNO3 surface appears generally smooth at 5% RH, 

although some irregularities are visible. When the humidity reaches 62%, minimal visible 

changes are observed initially. However, after 12 hours, the flat surface becomes covered with 

microcrystals, which is likely to be KNO3, and a liquid film is seen at the interface of the two 

crystals (Fig. 9−13c). According to the sodium and potassium distribution from EDX mapping (Fig. 

9−13e), the KCl crystal surface is coated with sodium in several small spots. These sodium-rich 

spots expand into a larger area at 62% RH, marked by red zones in the Fig. 9−13f. The 

comprehensive elemental mapping image in Fig. 9−13h confirms that the red areas represent 

NaCl micro crystals, as they contain sodium and differ visibly from NaNO3. The greenish 

surrounding of the NaCl microcrystals originate from water-related oxygen, indicating the 

formation of a solution film. Additionally, the dark grey regions near the interface of the two 

crystals, such as the area circled in orange in Fig. 9−13c, further suggest the presence of a solution 

film. This observation aligns with the small increase in water uptake at 62% RH shown in Fig. 

9−10b. Moreover, the Raman spectra presented in Fig. 9−10 indicate the appearance of KNO3, the 

second reaction product next to NaCl, which corresponds to microcrystal formation on the NaNO3 

surface. Over time and with increased humidity, the entire surface becomes coated with newly 

generated KNO3 at 74% RH. 
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Figure 9−13. ESEM and EDX images of the NaNO3  KCl mixture at different RH. a–d: morphology of the salt 
crystals; e–h: elemental distributions, red: sodium, purple: nitrogen, orange: chloride, blue: potassium, 
green: oxygen, e−f: without oxygen, g−h: with oxygen.    

9.2.4 Water vapor sorption of Na+−Cl−−NH4+−SO42−//H2O system 

Extensive studies have been carried out to investigate the water vapor sorption of the inorganic 

aerosol salts with various methods (Guo et al., 2019; Dong et al., 2007; Gu et al., 2017). In 

particular, the hygroscopic properties of NaCl + (NH4)2SO4 mixture have been examined 

experimentally, revealing between discrepancies and thermodynamic predictions (Svenningsson 

et al., 2006; Rissler et al., 2023). The thermodynamically stable solid phase of aqueous mixture 

containing Na+, Cl−, NH4+, and SO42− are NH4Cl, Na2SO4·nH2O, and Na2SO4·(NH4)2SO4·4H2O. This 

implies that the binary salt mixture NaCl + (NH4)2SO4 is metastable upon contact with water, 

leading to phase transformation into the more stable assemblage of NH4Cl and Na2SO4 (Zhang et 

al., 2013). The water sorption process of NaCl + (NH4)2SO4, involve not only mutual deliquescence 

but also the transformation to stable solid phase NH4Cl + Na2SO4. Furthermore, the presence of 

volatile component NH4Cl introduces additional complexity through the triple phase equilibrium 

among the solid, aqueous and gas phases, specifically, NH4Cl(s)−NH4Cl(aq)−NH3(g), resulting in 

significant deviations between the experimental observations and model predictions.  

The water vapor sorption isotherms of binary and ternary subsystems of the reciprocal system 

Na+−Cl−−NH4+−SO42−//H2O at 25 °C are presented in Fig. 9−14a. In the ternary mixtures, the mole 

ratio of each salt component is approximate 1 : 1. The deliquescence relative humidities (DRHs) 

of the individual salts, along with the mutual deliquescence relative humidity (MDRH) of the 

mixtures, identified by the sharp increase in water uptake in the sorption isotherms are tabulated 

in Table 9−1. The measured DRH values show good agreement with both the reported data from 

literature and the values predicted with The Extended Aerosol Inorganics Model (E−AIM). 

Notably, the MDRHs of the salt mixtures are consistently lower than the DRHs of the 

corresponding pure component. 
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Figure 9−14. (a): Water vapor sorption isotherms of NaCl, NH4Cl, Na2SO4, (NH4)2SO4, and their ternary 
mixtures at 25 °C; (b): Sorption and desorption curves of NaCl + (NH4)2SO4 and NH4Cl + Na2SO4.  

Table 9−1. Deliquescence relative humidity (DRH) of individual salts and salt mixtures at 25 °C. 

Salt system Our measurements  Literature E−AIM model 

NaCl 76% 76% a 76% 

NH4Cl 76% 77% b 78% 

Na2SO4 86% 86% c 94% d 

(NH4)2SO4 80% 81% b 80% 

NaCl + NH4Cl 68% 68.5% b 70% 

NaCl + Na2SO4 74%  75% 

(NH4)2SO4 + NH4Cl 72% 70.1% b 72% 

(NH4)2SO4 + Na2SO4 76%  82% 

Na2SO4 + NH4Cl 68%  69% 

Na2SO4·(NH4)2SO4·4H2O Unobserved  84% 

a: Talreja−Muthreja et al., 2022; b: Fong et al., 2016; c: Steiger et al., 2008c; d: Na2SO4·10H2O 

Similar to the reciprocal system Na−Cl–−K−NO3
–//H2O, mutual deliquescence and solid−solid 

transformations also occur in the Na+−Cl−−NH4+−SO42−//H2O system. Due to the presence of the 

double salt Na2SO4·(NH4)2SO4·4H2O in this system (Zhang et al., 2013), the water vapor sorption 

behavior of the NaCl + (NH4)2SO4 mixture follows a more complex pathway. As shown in Fig. 

9−14b, the sorption isotherms of NaCl + (NH4)2SO4 and NH4Cl + Na2SO4 two pairs overlap in the 

high humidity range (> 85%), suggesting that the resulting solution compositions coverage 

during the dilution process. However, deviations are observed in the intermediate humidity 

range between 65% and 80%, corresponding to the mutual deliquescence and the dissolution of 
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residual solid phase. This behavior indicates that, although the final solution compositions are 

identical, the liquefaction pathways of two salt pairs differ. The zoom-in inset of Fig. 9−14b shows 

that the NaCl + (NH4)2SO4 pair begins to adsorb water at a slightly lower humidity (66% RH) than 

the NH4Cl + Na2SO4 pair (68% RH), which is consistent with the calculated mutual deliquescence 

humidity at 67.7% (solid phase: NaCl, NH4Cl, and (NH4)2SO4) at 25 °C. 

The water vapor sorption behavior was simulated with E−AIM model III developed by Wexler 

and Clegg (2002), which is based on the Pitzer thermodynamic framework. The calculated results 

were compared with experimental data, as shown in Fig. 9−15 and Table 9−1. Overall, the model 

captures the deliquescence relative humidities and subsequent dilution behavior well, except for 

systems containing Na2SO4. According to the E−AIM model, Na2SO4 is expected to undergo a phase 

transition to Na2SO4·10H2O at approximately 82% RH, followed by deliquescence at around 94% 

RH, as represented by the orange dotted curve in Fig. 9−15b.  

 
Figure 9−15. Water vapor sorption isotherms of pure salts and their ternary mixtures NaCl + NH4Cl, NaCl + 
Na2SO4, (NH4)2SO4 + NH4Cl, (NH4)2SO4 + Na2SO4 at 25 °C, and the calculated results with E-AIM model. 

However, experimental sorption isotherms indicate direct deliquescence of Na2SO4 at 86% RH, 

consistent with the reported DRH of metastable phase Na2SO4(V) in the previous studies. The 

absence of the hydration from Na2SO4(V) to Na2SO4·10H2O as well as the lack of transformations 

between Na2SO4(V) and Na2SO4(III), has been discussed in the literature (Linnow et al., 2006; 

Steiger et al., 2008c), suggesting that Na2SO4 frequently enters metastable states upon exposure 

to moisture. The discrepancy between measured and calculated isotherms for the NaCl + Na2SO4 

mixture can likely be attributed to this metastable behavior of Na2SO4. In the case of NH4SO4 + 

Na2SO4 mixture, the formation of the double salt Na2SO4·(NH4)2SO4·4H2O is predicted to occur at 

approximately 45% RH, followed by deliquescence at 84% RH, as indicated by the orange dot 

curve in Fig. 9−15h. The formation of double salt was not observed in the water vapor sorption 

isotherm. This absence is most likely due to the kinetic constraints associated with the solid-gas 

reaction, which can hinder the transformation with the experimental timescale. 
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The MDRH of the NH4Cl + Na2SO4 mixture was calculated to be 69% RH, which aligns well with 

the experimental value shown in Fig. 9−16. In contrast, for the metastable NaCl + (NH4)2SO4 

mixture, a solid−solid transformation to NH4Cl + Na2SO4 is initiated at low humidity through the 

formation of a thin water film at the grain interface. However, due to the slow kinetics of the 

solid−gas reaction, the newly generated phases constitute only a minor fraction of the mixture. 

As a result, the metastable system primarily comprises four components: NaCl, NH4Cl, Na2SO4, 

and (NH4)2SO4 prior to complete deliquescence. Mutual deliquescence involving NaCl, (NH4)2SO4, 

and in-situ formed NH4Cl occurs at approximately at 67.7% RH. The slight water uptake observed 

for the NaCl + (NH4)2SO4 mixture at 66% RH (as seen in Fig. 9−14b and Fig. 9−16) likely reflects 

the onset of this mutual deliquescence process. The presence of bulk solution further accelerates 

the NaCl + (NH4)2SO4 → NH4Cl + Na2SO4 transformation. Considering that the mutual 

deliquescence humidity (67.7% RH) is very close the to the MDRH of NH4Cl + Na2SO4 pair (69% 

RH), it is plausible that solid−solid transformation, deliquescence, and dissolution occur 

simultaneously in a homogenous manner, leading to the deviation with stable salt pair in the 

sorption isotherm.  

 
Figure 9−16. Water vapor sorption isotherms of pure salts and their ternary mixtures NaCl + NH4Cl, NaCl + 
Na2SO4, (NH4)2SO4 + NH4Cl, (NH4)2SO4 + Na2SO4 at 25 °C, and the calculated results with E−AIM model. 

9.3 Conclusions 

In this study, the interactions between water vapor and salts or salt mixtures have been 

investigated using water vapor sorption, optical microscopy, environmental SEM, and Raman 

spectroscopy. Two quaternary reciprocal systems Na−Cl–−K−NO3–//H2O, 

Na+−Cl−−NH4+−SO42−//H2O and their respective subsystems, which involve various types of 

reactions with moisture, was selected for this investigation. Using ESEM and EDX elemental 

mapping, the formation and evolution of a water film on a NaCl surface was confirmed in response 

to increased humidity as observed previously using other experimental techniques (Peters et al., 
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1997; Foster and Ewing, 2000; Ewing, 2004; Verdaguer et al., 2008; Lin et al., 2021; Dai et al., 

1997; Verdaguer et al., 2005; Bruzewicz et al., 2011). Subsequently, the shift of the mutual 

deliquescence humidity of salt mixtures to below the DRH of the pure salts was observed using 

dynamic water vapor sorption. This shift is in an agreement with previous experimental results 

and with theoretical considerations (Mauer, 2022; Salameh and Taylor, 2005; Wexler and 

Seinfeld, 1991); it is also validated by model calculations. Using ESEM and optical microscopy, the 

findings indicate that it is the direct contact of adsorbed water films on two adjacent crystal 

surfaces or the capillary condensation in void spaces at grain interfaces that lead to a mixed 

electrolyte solution film with lower water activity serving as the initiator for mutual 

deliquescence. 

The transition from the metastable salt pair NaNO3 and KCl to the thermodynamically stable pair 

NaCl and KNO3 in the quaternary reciprocal system occurs in two steps upon exposure to water 

vapor: (1) dissolution of NaNO3 and KCl in the interfacial water film; (2) the precipitation of NaCl 

and KNO3. It is important to note that this transition provides an example of a solid-state reaction 

that is significantly accelerated by the formation of a nanoscale water film, although water is not 

involved in the reaction equation. Overall, the water film plays a crucial role at solid-water vapor 

interfaces and as an ion diffusion media. Given the ubiquitous presence of water vapor in natural 

and industrial environments, it is likely that such a water film forms on the surface of most 

materials leading to mutual deliquescence, caking, or chemical reactions. On the Martian surface, 

for instance, the presence of such water films within the soil may facilitate the mutual 

deliquescence of salt mixtures under low humidity conditions. Furthermore, it could provide a 

liquid medium conducive to potential microbial survival of life and mineral reactions. In earth’s 

atmosphere, water films on aerosol particles initiate cloud nucleation and contribute to chemical 

transformations in aerosol mixtures. A notable example is the transformation from 

NaCl−(NH4)2SO4 to NH4Cl, Na2SO4, NH3(g), and HCl(g) upon exposure to water vapor (Rissler et al., 

2023). Similarly, water adsorption among particulate grains significantly impacts the stability of 

pharmaceuticals and food products during manufacturing and storage, particularly due to the 

presence of highly soluble components (Li et al., 2016a). These phenomena underscore the 

essential role of water films in phase transitions of salt mixtures, and these universally existing 

interactions between water vapor and soluble electrolytes warrant further explorations.   
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Chapter 10. Summary and Outlook 

10.1 Summary  

This dissertation presents a comprehensive study on the phase behavior of salt solution in 

confined environments, focusing on ice melting, eutectic transitions, deliquescence, and the 

formation of thin water films. Both experimental investigations and thermodynamic modeling are 

employed to examine the shifts in phase transition conditions under confinement, such as eutectic 

temperature and deliquescence relative humidity (DRH). These findings have direct implications 

for understanding the water cycle among solid, liquid, and gas phases on the Martian surface, as 

well as hygroscopic properties of inorganic mineral aerosol nanoparticles, where the 

deliquescence and eutectic melting at the nanoscale remain underexplored. Furthermore, the role 

of adsorbed water film in initiating the process of mutual deliquescence of salt mixture and 

solid−solid transformation is addressed with various methods. 

In Chapter 2, the research context is established, covering water phase behavior in Martian 

environments, nanoconfinement, surface area, and supercooling conditions. It is found that water 

vapor condensation pressure and ice melting point are depressed in nanoconfinement. Studies 

on the stability of chloride and perchlorate solutions, which are primarily formed via eutectic 

melting and deliquescence, suggest that the highly hygroscopic salts may allow liquid water to 

transiently exist on the Martian surface. These phenomena underscore the motivation to explore 

the phase behaviors of brines under confinement, where the stability region of liquid water is 

expanded relative to the bulk phase. The introduction of interfacial water films and the 

anomalous properties of water in the supercooled regime aids in understanding water adsorption 

and cryogenic solution behavior.  

In Chapter 5, water vapor sorption analysis and Raman measurements on CaCl2·2H2O and 

CaCl2·6H2O and their dehydration products were conducted. The results indicate two possible 

hydration sequences from lower hydrates to deliquescence at 298.15 K: (1) Hydration of the 

monohydrate to the dihydrate, followed by the formation of β−CaCl2·4H2O, ending with its 

deliquescence at 18.5% RH; (2) Hydration of the monohydrate to the dihydrate, followed by the 

formation of α−CaCl2·4H2O and of the hexahydrate, ending with its deliquescence at 29% RH. It 

was observed that the transition from pure dihydrate to β−CaCl2·4H2O occurs spontaneously, 

instead of hydration to the thermodynamically stable α−CaCl2·4H2O. The latter phase is only 

formed in the presence of crystal seeds of α−CaCl2·4H2O that remained after dehydration. 

Additionally, direct deliquescence of β−CaCl2·4H2O and thus absence of hydration to hexahydrate 

at 298.15 K is reported for the first time, which could be explained by the more similar lattice 

structure of CaCl2·2H2O (orthorhombic) and β−CaCl2·4H2O (monoclinic) than α−CaCl2·4H2O 
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(triclinic). Apart from that, an explanation for the observed transformation sequence is proposed, 

considering the impact of the enhanced solubility of β−CaCl2·4H2O compared to the α−CaCl2·4H2O. 

The resulting water to salt ratio below six may contribute to the absence of CaCl2·6H2O formation. 

A Raman spectrum of CaCl2·H2O not reported previously is also provided. 

In Chapter 6, Systematic calorimetric measurements were conducted with CaCl2 and NaCl 

solutions to investigate the absence of eutectic transition in confined dilute solution. The results 

demonstrate that the occurrence of the eutectic transition is controlled by three main factors, salt 

concentration, pore size, and pore filling degree. In confined solutions with insufficient supply 

with ions, the interfacial layer remains unsaturated, leading to the crystallization of solely ice in 

the core and the absence of a eutectic transition. Conversely, in more concentrated solutions or if 

supply with ions is sufficient, the interfacial layer becomes saturated, and the presence of excess 

bulk−like ions in the core facilitates simultaneous salt and ice crystallization at the eutectic point. 

Supply for the complete saturation of the interfacial layer can either stem from a sufficiently large 

core volume, thus, in large pores, or from diffusion of a reservoir from outside of an overfilled 

pore. we propose that the preferential accumulation of dissolved ions in the interfacial layer and 

the resulting depletion of the ions in the core of the pore are the key factors contributing to the 

absence of salt crystallization at the eutectic point. These findings highlight the critical role of 

interfacial layers influencing the ion distribution and phase behavior of electrolyte solutions in 

nanoconfinement, specifically, confirming sorption and strong enrichment of ions in the 

interfacial layer. 

In Chapter 7, experimental measurements of ice melting and eutectic points were carried out for 

a range of salt solutions under confinement, including NaCl, MgCl2, CaCl2, NaClO4, Mg(ClO4)2, 

Ca(ClO4)2, and (NH4)2SO4. DRHs of these salts in nanopores were also measured using water vapor 

analyzer. Results show systematic depression of melting and eutectic points relative to the bulk 

phase, with values decreasing as pore size decreases. Notably, eutectic transitions were not 

observed in dilute solutions for all any systems, consistent with literature reports. The lowest 

eutectic temperatures for all systems were approximately −70 °C, though the minimum 

detectable pore size for first−order phase transitions varied by salt. For perchlorates Mg(ClO4)2 

and Ca(ClO4)2, eutectic transitions were often undetectable due to strong supercooling effects. 

Instead, the ice melting behavior of less concentrated perchlorate solutions in porous silicas was 

probed, showing lower melting temperatures than bulk counterparts. Furthermore, significant 

depression for the DRHs of salt nanoparticles in nanopores were observed as well, such as KCl, 

MgCl2·6H2O, β−CaCl2·4H2O or CaCl2·2H2O, NaClO4·H2O, Mg(ClO4)2·6H2O, and Ca(ClO4)2·4H2O. 

Additionally, the water vapor sorption isotherm of confined KCl nanoparticle contains three steps, 

deliquescence in the pore, curvature filling, and bulk solution dilution.    
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In Chapter 8, a thermodynamic model incorporating Pitzer theory, Kelvin equation, and Laplace 

pressure, was developed to simulate ice and eutectic points, as well as DRHs, under confinement. 

The modeled results show good agreement with experimental data when appropriate values of 

crystal−solution interfacial energy were used. To assess the role of Laplace pressure, two 

scenarios, PKL (Pitzer−Kelvin−Laplace) and PK (Pitzer−Kelvin) model, were proposed. PKL 

model compensates for salting-out effects induced by negative Laplace pressure through 

enhanced crystal-solution interfacial energy (cl). In addition, simulated water vapor sorption 

isotherm of KCl in porous silica also reflects the pore size distribution of the host material. 

Nonetheless, the model is limited by the extrapolation uncertainties in the supercooled and 

supersaturated regions, and by the anomalous thermodynamic properties of pure water at low 

temperatures. 

In Chapter 9, we employed a new method to investigate the moisture uptake behavior on the 

NaCl crystal surface under varying humidity levels using environmental scanning electron 

microscopy coupled with energy−dispersive X−ray spectroscopy (ESEM−EDX). Additionally, 

water vapor sorption, ESEM, and Raman microscopy are used to examine the role of water films 

in facilitating phase transitions and chemical reactions of salt mixtures. Our results indicate that 

the water uptake on a NaCl crystal surface initiates early and increases with rising humidity. A 

sudden increase in the condensation rate above 60% RH suggests the ion solvation in the water 

film. In ternary mixtures, the water film occurs by water vapor adsorption or capillary 

condensation at the interface between two crystals in the early stage, where ions from both sides 

dissolve into the interfacial water film to form a nanoscale brine film. This process initiates the 

mutual deliquescence of a NaCl−KCl mixture at a relative humidity lower than the deliquescence 

humidity of either of the two single salts. For the solid–solid reaction NaNO3  KCl → NaCl  KNO3, 

the process involves the dissolution of reactants and the precipitation of products, where the 

interfacial water film acts as a liquid bridge, promoting the ion diffusion and exchange between 

the two reactants. Additionally, the water vapor sorption behavior of quaternary reciprocal 

Na−Cl–−NH4
−SO42–//H2O system was examined and compared with the results calculated using 

the E−AIM model. The observed derivations from the modeled sorption isotherms are likely 

attributed to the unexpected metastable transformation of Na2SO4. 

10.2 Outlook 

This dissertation advances our understanding of phase equilibria and multiphase 

transformations in salt systems under nanoscale confinement, offering insights directly relevance 

to Martian geochemistry, atmospheric aerosols, and cryogenic chemical processes. The observed 

depression in eutectic melting temperatures and DRHs under confinement broaden our horizon 
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on the phase behavior of water in cold and arid environments, such as Arctic and Martian surface. 

The pore−size−dependent deliquescence of confined salt nanoparticles enhances the design 

flexibility of thermal energy storage materials in their operational humidity range. Furthermore, 

the experimentally supported mechanism of mutual deliquescence in salt mixtures, along with 

solid−solid transition induced by water vapor exposure, provides a bridge between the 

macroscopic thermodynamic phenomena and the molecular−scale interfacial interactions. As an 

extension of this concept, eutectic melting may also proceed via a comparable process, medicated 

by a pre-melted water film on the ice surface.  

Despite these advances, further effects are needed to refine the thermodynamic model, 

particularly to improve its predictive performance under highly supercooling and supersaturated 

conditions. Given the experimental challenges associated with accessing these regimes, molecular 

simulation may offer a promising alternative for to generating physically consistent 

thermodynamic data. Additionally, incorporating interfacial heterogeneities, such as the ion 

accumulation behavior and the effects of disjoining pressure into model will enhance its 

reliability when applied to nanoscale systems. While the current studies focus primarily on binary 

and simple multicomponent systems, natural environments like aerosol nanoparticles and 

Martian regolith typically contain more complex mixture. Therefore, future investigations into 

multicomponent mixture are essential to increase the applicability to real world scenarios.   

In conclusion, this dissertation demonstrates how confinement, interfacial structuring, and phase 

metastability co−govern the phase behavior of salt solutions. These findings have significant 

implications for understanding thermodynamic process of salt solution in extreme conditions, 

offering a robust framework for future interdisciplinary investigations, particularly in planetary 

science and aerosol chemistry. 
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Appendix  

A1. Supplementary material to Chapter 5 

A1.1 Pitzer model parameters for the CaCl2−H2O system 

The model reported here has been used in all calculations with CaCl2 in Chapter 5, thus in the 

calculations of freezing and eutectic temperatures, and in calculations of the phase diagram of the 

system CaCl2–H2O including all stable and metastable hydrates (Chapter 5). Values of the 

Debye−Hückel parameter, A, used here are those determined by Archer and Wang (1990). For 

the purpose of the present model, the pressure dependence of A is not required. Therefore, it is 

convenient to express the temperature dependence of A at 0.1 MPa using the following simple 

equation (Steiger et al., 2008a):  

 𝐴థ = 𝑎ଵ + 𝑎ଶ (𝑇 − 222 𝐾)⁄ + 𝑎ଷ 𝑇ଶ⁄ + 𝑎ସ𝑇 + 𝑎ହ𝑇ଶ + 𝑎଺𝑇ସ (A1−1) 

with a1 = –0.817653 kg1/2·mol–1/2, a2 = –0.8685276 kg1/2·mol–1/2·K, a3 = 1.9251·104 kg1/2·mol–1/2·K2, 

a4 = 0.5251284·10–2 kg1/2·mol–1/2·K–1, a5 = –7.149397·10–6 kg1/2·mol–1/2·K–2 and a6 = 9.338559·10–12 

kg1/2·mol–1/2·K–4. Equation (A1–1) is valid at temperatures  245 K and at 0.1 MPa (to 373.15 K) 

and at saturation pressure above 373.15 K. At lower temperatures, a linear extrapolation was 

used (Beyer and Steiger, 2010). 

Determination of model parameters: The model used for CaCl2(aq) is based on the 

comprehensive reviews of the thermodynamic properties of CaCl2(aq) by Holmes et al., (1994) 

Rard and Clegg (1997) and Gruszkiewicz and Simonson (2005). Holmes et al. (1994) used a Pitzer 

type model to represent the available experimental data to molalities of 4.6 mol·kg–1 and to high 

temperatures. For the present study, however, due to the very high solubilities in CaCl2 solutions, 

a model is required that is valid to much higher concentrations. The comprehensive treatment of 

Rard and Clegg (1997) yields very accurate osmotic and activity coefficients at 298.15 K to 

10.8 mol·kg–1. Gruszkiewicz and Simonson (2005) report further experimental osmotic 

coefficients from 323−523 K and to 22 mol·kg–1.  

The equation of Holmes et al. (1994) was used to generate a database of osmotic and activity 

coefficients from dilute solution (m = 0.001 mol·kg–1) to 4 mol·kg–1 and from 273−373 K. 

Additional data used were the tabulated osmotic and activity coefficients of Rard and Clegg 

(0.001−10.8 mol·kg–1), the experimental osmotic coefficients of Holmes et al. (1994 and 1978) at 

high temperature (0.4−4.8 mol·kg–1), the osmotic coefficients of Gruszkiewicz and Simonson 

(2005), the accurate isopiestic vapor pressure data at 373.15 K (Grjotheim et al., 1988; Voigt et 

al., 1990; Fanghänel and Grjotheim, 1990) and freezing temperature data (Gibbard and Fong, 
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1975; Oakes, 1990). Finally, additional water activities for highly concentrated solutions were 

calculated using the BET model (Ally and Braunstein, 1996; Zeng et al., 2007) for extrapolation 

(298.15, 323.15, 373.15, 393.15, 413.15, 433.15, 453.15, 473.15, 498.15, 523.15 K). 

The final database consisted of 776 osmotic coefficients and 172 activity coefficients covering the 

temperature range from 222 to 423 K and molalities from 0.001 mol·kg–1 to 19 mol·kg–1 (at 298 K) 

and to 35 mol·kg–1 at 523 K. The database was then used in one simultaneous least-squares fit to 

determine the parameters of Equation (2–11) that represent the temperature dependence of the 

ion interaction parameters  (0),  (1),  (2),  (3) and C. Values of α1 = 1.2 kg1/2·mol–1/2, 

α2 = 0.7 kg1/2·mol–1/2 and α3 = 0.4 kg1/2·mol–1/2 were fixed in trial calculations. The final model 

parameters are summarized in Table A1−1. Considering the large temperature range and, in 

particular, the high concentrations, the reproduction of the experimental values is very 

satisfactory. Standard deviations of the fit are s(aw) = 0.0034, i.e. 0.34 % RH. 

Using the model parameters listed in Table A1−1, values of the solubility product of CaCl2·6H2O 

were calculated using available experimental data as compiled by Krumgalz (2017). The 

coefficients of Equation 2−11 to represent the temperature dependence of lnK6 were then 

determined in a least square fit and are listed in Table A1−2.  

Table A1−1. Parameters for the temperature dependent model parameters in Equation A2−11 for 

CaCl2(aq) (to 523 K).(a) 

 

    (0) 

kg·mol–1 
    (1) 

kg·mol–1 
    (2) 

kg·mol–1 
    (3) 

kg·mol–1 
C 

kg2·mol–2 

q1 –4.202538E–01 1.049697E01 –1.399681E01 7.096695E00 8.612767E–03 
q2 1.312490E03 0 5.735410E04 –2.788168E04 0 
q3 1.036722E01 0 3.949181E02 –1.885200E02 –8.065966E–02 
q4 –1.556215E−02 –2.396205E–01 –5.621165E–01 2.650600E–01 1.630800E–04 
q5 0 2.431974E–04 0 0 0 

 (a) α1 = 1.2 kg1/2·mol–1/2, α2 = 0.7 kg1/2·mol–1/2 and α3 = 0.4 kg1/2·mol–1/2 

Table A1−2. Parameters for the temperature dependence of the solubility products. 

 q1 q2 q3 q4 q5 

CaCl2·6H2O 9.066105E00 4.592084E04 2.889852E02 4.336224E01 0 
α−CaCl2·4H2O 1.223477E01 1.566068E04 4.758397E01 0 0 
−CaCl2·4H2O 1.262944E01 2.050895E04 5.932049E01 0 0 
−CaCl2·4H2O 1.271130E01 1.843347E04 5.331032E01 0 0 
CaCl2·2H2O 1.682412E01 1.295776E05 1.082282E03 3.034403E00 1.343033E03 
CaCl2·H2O 2.003408E01 1.234845E05 1.027150E03 2.889931E00 1.278696E03 
CaCl2·1/3H2O 2.498334E01 4.822391E03 4.688070E01 0 0 
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Then, according to Equation (2–13) and Equation (2–17), both solubility data and 

equilibrium relative humidities for the hydration equilibria are suitable for the calculation 

of the thermodynamic solubility products of CaCl2·4H2O (lnK4), CaCl2·2H2O (lnK2), CaCl2·H2O 

(lnK1) and CaCl2·1/3H2O (lnK1/3) as described in detail in Steiger (2018). Solubility data 

(Krumgalz, 2017) and equilibrium humidities for the CaCl2·6H2O−CaCl2·4H2O phase 

boundary (Lannung, 1936) were used to determine the coefficients of Equation (A1–11) for 

lnK4 which are listed in Table A1−2. Subsequently, the coefficients for the solubility products 

of CaCl2·2H2O, CaCl2·H2O and CaCl2·1/3H2O were determined accordingly (Table A1−2), thus, 

using solubility data of these solids and equilibrium humidities for the respective phase 

boundaries, i.e. 4H2O−2H2O (Lannung, 1936; Collins and Menzies, 1936), 2H2O−1H2O 

(Lannung, 1936; Pitzer and Oakes, 1994) and 1H2O−1/3H2O (Pitzer and Oakes, 1994). 

The phase boundary CaCl2·1/3H2O−CaCl2 could not be calculated using the same approach as the 

solution model is only valid to 523 K such that solubility products of the anhydrous salt are not 

accessible. Therefore, the latter phase boundary has to be approximately calculated from 

thermodynamic standard data assuming a constant enthalpy of hydration: 

 ln(𝑝/𝑝°)் = ln(𝑝/𝑝°)்౎ + (Δ୰𝐻∘/R𝛥𝑛)/(𝑇 − ଵ
்

) (A1–2) 

with p°  0.1 MPa, TR  298.15 K, n  nA  nB  2/3 and 

 ln(𝑝/𝑝°)்౎ = (Δ୰𝐺°)/(𝑅𝑇 𝛥𝑛) (A1–3) 

In Equation (A1–2) and Equation (A1–3) rH° and rG° are the standard enthalpy and standard 

Gibbs energy of reaction. These quantities can be calculated from enthalpies and Gibbs energies 

of formation of the crystalline salts (anhydrous and 1/3 hydrate) and were taken from Pitzer and 

Oakes (1994) (rG°) and Garvin et al. (1987) (rH°). 

A calculated phase diagram involving the stable hydrates CaCl2·6H2O, -CaCl2·4H2O, CaCl2·2H2O 

and CaCl2·H2O is shown in Fig. 5–1 (Chapter 5). 

A1.2 Phase diagram of CaCl2–H2O system including metastable hydrates 

Using the model parameters listed in Tables A1−1 and A1−2, the complete phase diagram of the 

CaCl2−H2O system depicted in Fig. 5−1 (Chapter 5) was calculated. The calculated phase 

boundaries (DRH and hydration equilibria) are in excellent agreement with experimental data 

where available. Fig. A1−1 shows the solubilities, deliquescence humidities and the dissociation 

(hydration−dehydration) equilibria in the CaCl2−H2O system in the temperature range relevant 

to the experiments reported in Chapter 5. 
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Figure A1−1. CaCl2–H2O System from 280–330 K; left: solubilities; right: deliquescence humidities. 

A1.3 Deliquescence humidity of CaCl2·6H2O at 298.15 K 

The available experimental deliquescence humidities of CaCl2·6H2O at 298.15 K shows significant 

scatter. A selection of the more consistent data is tabulated in Table A1−3. But even after removal 

of the less reliable data, the scatter is still quite large and the data cover a range from 28.2−29.5 % 

RH.  

Table A1−3. Available experimental deliquescence humidities of CaCl2·6H2O at 298.15 K. 

Source DRH / % 

Bakhuis Roozeboom, H.W., 1889 28.2 

Lescoeur, H., 1890 28.4 

Hepburn, J.R.I., 1932 29.5 

Lannung, A., 1936 28.6 

Collins, E.M., and Menzies, A.W.C., 1936 28.4 
29.2 

Varasova, D.T., et al. 1937 29.1 

Richardson, G.M., and Malthus, R.S., 1955 28.8 

Acheson, D.T., 1965 29.0 

Guo, L., et al., 2019 28.5 

The experimental determination of deliquescence humidities is affected by two main sources of 

error, firstly, the uncertainty in the vapor pressure determination itself. Apart from that an 

additional error arises from the fact that the solution may not always be fully equilibrated with 

the solid phase resulting in an undersaturated solution (yielding too high values of DRH) or 

supersaturated solution (resulting in low values). In contrast, there is a large dataset of critically 

evaluated water activity data of CaCl2 solution from large dilution to high supersaturation (Rard 

and Clegg, 1997). Using these data together with the best available solubility data, the water 

activity of a saturated solution can be determined by interpolation. From the solubility 

compilation of Krumgalz (2017) the molality of the saturated solution at 298.15 K was 
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determined as msat   7.33  0.06 mol·kg–1. With the water activities of Rard and Clegg (1997) this 

yields a DRH of 29.1  0.4 % which is considered as the most reliable value available. The value 

calculated with the present model (see Appendix A1.2) is 29.5 % RH.  
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A2. Supplementary material to Chapter 8 

A2.1 Pitzer model parameters for the NaCl−H2O system 

Based on the model framework described in a previous paper of our group (Steiger et al., 2008a), 

a modified heat capacity function for liquid water was incorporated to optimize model 

predictions in the low temperature region. As the freezing temperatures in confinement are 

significantly lower than in bulk solutions, the planned calculations required significant 

extrapolation to temperatures below that of available experimental data in bulk solutions. Since 

the heat capacity of liquid water affects both, the calculation of freezing temperatures and the 

temperature dependence of ion the interaction parameters (via the equations for the apparent 

molar enthalpies), different approaches were tested to represent the complex behavior of the 

heat capacity of undercooled water down to very low temperatures. First, equations provided by 

Murphy and Koop (2005) predicting a heat capacity maximum at 225 K were used. Their 

equations agree with experimental data which are available only at temperatures above 236 K 

due to the homogeneous ice freezing limit. At lower temperatures, their treatment is based on the 

assumption that the structure of undercooled liquid water slowly approaches the structure of 

amorphous ice. Thus, also the heat capacity slowly approaches that of amorphous ice. This 

treatment results in the heat capacity maximum at 225 K. 

The second approach to extrapolate the heat capacity of liquid water is similar to the treatment 

of Clegg and Brimblecombe (1995). They simply extrapolated an equation of state below 273.15 

K by using the first and second temperature differentials of the heat capacity. Using their 

treatment together with a more recent IAPWS-95 equation of state for liquid water (Wagner and 

Pruß, 2002) yields the following simple equation at 0.1 MPa:  

 𝐶୮(HଶO(୪)) = 𝐶୮,T౨ + ቀௗ஼೛

ௗ்
ቁ

௣°
(𝑇 − 𝑇଴) + ቀௗమ஼౦

ௗ்మ ቁ (𝑇 − 𝑇଴)ଶ (A2-1) 

where T0  273.15 K. Values of Cp  75.9983 J· K–1 ·mol–1, dCp/dT    –0.0551735 J·K–2·mol–1, and 

d2T/dT 2  0.00316525 J·K–3·mol–1 are those of Wagner and Pruß (2002). 

Test calculations did not show that any one of the two heat capacity models to be superior. 

Therefore, the much simpler treatment of equation (A2–1) was used in the final parameterization. 

Another modification tested, was a new expression for the extrapolation of the Debye–Hückel 

parameter A to very low temperatures. The treatment follows a similar approach as described 

for the heat capacity of liquid water, thus, using the first and second temperature differential of 

the Debye–Hückel parameter for the osmotic coefficient. This is the same approach as used by 

Clegg and Brimblecombe (1995), however, they used Debye–Hückel parameters of Archer and 
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Wang (1990) whilst, in the present treatment, the Debye–Hückel parameters of Voskov and 

Kovalenko (2020) were used, which are based on the most recent equation of state of water. First, 

their values of A were represented by Chebychev series polynomal. In the temperature range 

273–523 K and at 0.1 MPa (to 373.15 K) and saturation pressure above 373.15 K, their values of 

A can be represented by the following equation and the coefficients listed in Table A2–1: 

 𝐴థ = 𝑞଴ + 𝑞ଵ𝑥 + 𝑞ଶ𝑥ଶ + 𝑞ଷ𝑥ଷ + 𝑞ସ𝑥ସ + 𝑞ହ𝑥ହ + 𝑞଺𝑥଺ + 𝑞଻𝑥଻ + 𝑞଼𝑥଼ + 𝑞ଽ𝑥ଽ (A2–2) 

where the x is the normalized temperature variable: 

 𝑥 = ଶ்ି்ౣ ౗౮ି்ౣ౟౤
்ౣ ౗౮ି்ౣ౟౤

 (A2–3) 

with Tmax  523.15 and Tmin  273.15. 

Table A2–1. Coefficients of Equation (A2–2) for calculation of the Debye–Hückel coefficient A in the 

temperature range 273.15–523.15 K at 0.1 MPa ( 373.15 K) and saturation pressure (above 373.15 K). 

q0 4.91130922114192E-01  q5 4.70400994663629E-03 
q1 1.68712428707736E-01  q6 1.67375924878697E-03 
q2 6.02041571881852E-02  q7 1.38710368993371E-03 
q3 1.12889102406172E-02  q8 1.91808198233258E-04 
q4 8.25851369311408E-03  q9 1.34892685945540E-03 

 
The Deby–Hückel coefficient A is related to the Debye–Hückel coefficients for enthalpy AH and 

heat capacity AC by:  

 𝐴ୌ = 4R𝑇ଶ൫𝜕𝐴ϕ 𝜕𝑇⁄ ൯
௣

 (A2–4) 

 𝐴େ = (𝜕𝐴ୌ 𝜕𝑇⁄ )௣ (A2–5) 

The extrapolation of A to low temperature is based on a linear extrapolation of AC:  

 𝐴େ 𝑅⁄ = (𝐴େ𝑇௥) 𝑅⁄ + (𝑎 𝑅⁄ )(𝑇 − 𝑇௥) (A2–6) 

with 𝑎 = (𝜕𝐴େ 𝜕𝑇⁄ )௣, ౨்  and T0  273.15 K. This yields for A at temperatures below 273.15 K:

𝐴థ = 𝐴థ(𝑇௥) + ଵ
ସ

஺ಹ( బ்)
ோ బ்

ቀ1 − బ்
்

ቁ + ଵ
ସ

஺಴( బ்)
ோ

ቀln ்

బ்
+ బ்

்
− 1ቁ + ቀଵ

଼
ቁ ቀ௔

ோ
ቁ ቀ𝑇 − 2𝑇଴ ln ்

బ்
− బ்

మ

்
ቁ (A2–7) 

with A(T0)  0.376408371981534 (kg/mol)–1/2, AH(T0)/RT0  0.545442059542246 (kg/mol)–1/2, 

and AC(T0)/R  2.27754253611 (kg/mol)–1/2 and a/R  0.0822913489229 (kg/mol)–1/2  K–1.  

The model parameterization for NaCl(aq) is largely based on the previous model for NaCl(aq) but 

includes the heat capacities of liquid water and the Debye–Hückel coefficients as described before. 
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The temperature dependence of the Pitzer model parameters and the solubility products are 

given by Equation 2–13 and the parameters are tabulated in Table A2–2 and Table A2–3, 

respectively. 

 Table A2−2. Parameters for the temperature dependent model parameters for NaCl(aq).(a) 

 

    (0) 

kg·mol–1 
    (1) 

kg·mol–1 
    (2) 

kg·mol–1 
    (3) 

kg·mol–1 
C 

kg2·mol–2 

q1 0.25033639 0.57172079 –0.442969465 0 −8.8735869E−03 
q2 1245.4554 0 −2629.0341 0 −110.27975 
q3 5.2887959 1.86365275 −10.965091 0 –0.45409111 
q4 0 0 0 0 0 
q5 0 0 0 0 0 

 (a) α1 = 1.4 kg1/2·mol–1/2 and α2 = 0.5 kg1/2·mol–1/2 

Table A2−3. Parameters for the temperature dependence of the solubility products of sodium chloride 

hydrates. 

 q1 q2 q3 q4 q5 

NaCl·2H2O 3.62599 −2385.55 0 0 0 
NaCl 3.64612 −4549.98 −13.80122 0 0 
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A3. Raw data of the melting point of salt solutions and DRHs of salt in 

confinement 

The melting points of bulk pure water was determined as the onset temperature of the 

endothermic peak, whereas the peak maximum temperature was used to define the melting 

points of water confined within the pores. For salt solutions, the peak maximum temperature of 

the endothermic signals was taken as the ice melting point for both bulk and confined salt 

solutions. Similarly, for eutectic melting, the onset temperature and peak maximum temperature 

were used to determine the eutectic points of bulk and confined solutions, respectively.  

The experimentally measured melting points of ice, eutectic points of salt solution, and the DRHs 

of salts in nanopores, as discussed in Chapter 7, are summarized in the following tables.  

Table A3−1. Melting points of pure ice in bulk and in confinement. 

Pore size /d 
Ice melting point  

Bulk In pore  

nm °C °C  

Bulk 0.78 - 

Fig. 7-2b and 

Fig. 7-8 

20.6 0.66 −1.08 

11.7 0.77 −5.80 

10.5 −0.20 −7.22 

9.4 0.20 −7.73 

8.5 0.42 −9.57 

8.1 0.17 −10.81 

7.6 0.41 −11.74 

6.3 0.35 −16.56 

5.9 0.43 −19.82 

3.8 0.15 −44.27 
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Table A3−2. Melting points of NaCl solution in bulk and in confinement. 

Pore size /d Molality 
Ice melting point Eutectic point  

Bulk In pore Bulk In pore  

nm mol·kg-1 °C °C °C °C  

8.5 0 0.42 −9.57 - - 

Fig. 7-4a and 

Fig. 6-4b 

8.5 0.1 1.13 −10.51 - - 

8.5 0.3 0.33 −11.99 - - 

8.5 0.5 −0.51 −13.38 - - 

8.5 1.0 −2.71 −17.01 - - 

8.5 2.0 −7.08 −24.99 - - 

8.5 3.0 −11.70 - −20.86 −31.33 

8.5 4.0 - - −20.72 −31.30 

8.5 4.5 - - −20.70 −31.04 

8.5 5.2 - - −20.72 −31.25 

8.5 5.5 - - −20.71 −31.17 

8.5 5.8 - - −20.74 −31.26 

8.5 6.1 3.87* - −20.76 −31.22 

*The temperature where salt completely dissolves 

  



Appendix 

187 

 

Table A3−3. Melting points of CaCl2 solution in bulk and in confinement. 

Pore size /d Molality 
Ice melting point Eutectic point  

Bulk In pore Bulk In pore  

nm mol·kg-1 °C °C °C °C  

9.4 0 1.94 −7.78 - - 

Fig. 6-4a and 

Fig. 7-4b 

9.4 0.2 −0.47 −11.8 - - 

9.4 0.4 −2.1 −16.12 - - 

9.4 1.5 −11.80 - −48.59 - 

9.4 2.2 −22.22 - −49.91 −66.07 

9.4 3.2 −42.12 - −49.58 −66.15 

9.4 3.8 −47.43 - −47.33 −69.71 

9.4 4.0 - - −49.03 −67.08 

9.4 4.2 −30.09* - −49.65 −67.30 

9.4 4.5 −12.9* - −49.53 −67.30 

9.4 6.1 8.18* - −49.94 −67.25 

*The temperature where salt completely dissolves 
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Table A3−4. Eutectic points of NaCl solution in bulk and in confinement. 

Pore size /d Molality 
Eutectic point  

Bulk In pore  

nm mol·kg-1 °C °C  

Bulk 5.2 −20.69 - 

Fig. 7-5a 

and Fig. 7-8 

20.6 5.2 −20.43 −22.32 

11.7 5.2 −21.12 −29.94 

10.5 5.2 −21.46 −29.19 

8.5 5.2 −20.72 −31.25 

8.1 5.2 −20.88 −32.03 

7.0 5.2 −20.91 −36.04 

5.9 5.2 −20.81 −41.12 

3.8 5.2 −21.33 - 
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Table A3−5. Eutectic points of NaClO4 solution in bulk and in confinement. 

Pore size /d Molality 
Eutectic point  

Bulk In pore  

nm mol·kg-1 °C °C  

Bulk 9.0 −32.79 - 

Fig. 7-5b and 

Fig. 7-8 

20.6 9.0 −33.05 −36.79 

11.7 9.0 −33.96 −44.78 

9.1 9.0 −33.11 −49.42 

8.5 9.0 −33.24 −50.82 

7.6 9.0 −33.26 −55.94 

6.3 9.0 −33.30 −64.93 

5.9 9.0 −33.25 - 

3.8 9.0 −33.78 - 
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Table A3−6. Eutectic points of CaCl2 solution in bulk and in confinement. 

Pore size /d Molality 
Eutectic point  

Bulk In pore  

nm mol·kg-1 °C °C  

Bulk 4.0 −50.24 - 

Fig. 7-6a 

and Fig. 7-8 

20.6 4.0 −50.67 −55.26 

11.7 4.0 −52.25 −63.4 

10.5 4.0 −52.81 −64.47 

9.4 4.0 −50.87 −66.97 

8.5 4.0 −50.45 −70.23 

8.1 4.0 −50.45 −70.73 

7.3 4.0 −50.78 −78.71 

5.9 4.0 −50.49 - 

3.8 4.0 −18.96* - 

*unknown thermal signal  
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Table A3−7. Eutectic points of MgCl2 solution in bulk and in confinement. 

Pore size /d Molality 
Eutectic point  

Bulk In pore  

nm mol·kg-1 °C °C  

Bulk 2.8 −32.11 - 

Fig. 7-6b 

and Fig. 7-8 

20.6 2.8 −32.83 −36.35 

11.7 2.8 −29.8 −45.22 

10.5 2.8 −33.76 −50.45 

9.4 2.8 − −50.17 

8.1 2.8 −33.72 −53.36 

7.3 2.8 −33.76 −58.68 

5.9 2.8 −32.67 −65.74 

3.8 2.8 −21.38* - 

*unknown thermal signal  
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Table A3−8. Melting points of CaCl2 solutions in bulk and in confinement. 

Pore size /d Molality 
Ice melting point  

Bulk In pore  

nm mol·kg-1 °C °C  

Bulk 0.4 −0.35 - 

Fig. 7-11a and 

Fig. 7-12a 

20.6 0.4 −1.22 −5.88 

11.7 0.4 −1.41 −14.14 

9.4 0.4 −1.26 −15.77 

8.5 0.4 −0.96 −16.49 

8.1 0.4 −1.42 −17.29 

7.3 0.4 −3.27 −26.57 

5.9 0.4 −1.57 −33.07 
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Table A3−9. Melting points of CaCl2 solutions in bulk and in confinement. 

Pore size /d Molality 
Ice melting point  

Bulk In pore  

nm mol·kg-1 °C °C  

Bulk 0.8 −2.40 - 

Fig. 7-11b and 

Fig. 7-12a 

20.6 0.8 −2.68 −13.01 

11.7 0.8 −3.64 −19.82 

9.4 0.8 −3.84 −22.70 

8.5 0.8 −3.15 −21.97 

8.1 0.8 −5.63 −20.00 

7.6 0.8 −3.67 −25.52 

5.9 0.8 −4.85 −41.14 
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Table A3−10. Melting points of Ca(ClO4)2 solution in bulk and in confinement. 

Pore 

size /d 
Molality 

Bulk In the pore  

Onset Peak Offset Onset Peak In pore  

nm mol·kg-1 °C °C °C °C °C °C  

9.1 0.1 −0.54 0.938 1.88 −13.41 −9.79 −7.450 

Fig. 7-20 

and  

Fig. 7-22a 

9.1 0.3 −2.77 −0.78 0.01 −17.03 −12.10 −9.59 

9.1 0.5 −6.09 −2.41 −1.44 −21.58 −15.45 −12.78 

9.1 0.8 −10.97 −5.57 −4.61 −26.35 −20.37 −17.63 

9.1 1 −12.75 −6.98 −5.90 −35.06 −27.66 −24.24 

9.1 1.5 −17.20 −11.47 −10.37 −49.91 −39.68 −36.25 

9.1 2 −23.53 −18.53 −17.45 −66.18 −58.09 −54.00 

7.6 0.1 −0.78 0.64 1.79 −16.23 −13.39 −12.30 

7.6 0.3 −3.04 −0.79 0.26 −20.26 −16.16 −14.74 

7.6 0.5 −6.23 −2.63 −1.83 −25.83 −20.55 −18.36 

7.6 0.8 −9.65 −5.04 −4.20 −40.81 −27.86 −24.84 

7.6 1 −12.05 −7.72 −6.82 −37.57 −34.86 −33.17 

7.6 1.5 −16.42 −12.08 −11.11 −58.24 −51.04 −44.70 

5.9 0.1 −1.25 0.65 1.76 −26.20 −22.16 −19.80 

5.9 0.3 −3.77 −1.04 −0.35 −30.89 −26.57 −23.89 

5.9 0.5 −6.62 −2.95 −2.20 −45.04 −32.86 −29.96 

5.9 0.8 −9.60 −5.69 −4.97 −51.03 −42.61 −41.27 
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Table A3−11. Melting points of Mg(ClO4)2 solution in bulk and in confinement. 

Pore 

size /d 
Molality 

Bulk In the pore  

Onset Peak Offset Onset Peak In pore  

nm mol·kg-1 °C °C °C °C °C °C  

11.7 0.1 −0.44 0.38 1.09 −14.11 −10.78 −9.02 

Fig. 7-21 

and  

Fig. 7-22b 

11.7 0.3 −2.55 −1.03 −0.03 −18.18 −13.09 −10.78 

11.7 0.5 −5.33 −3.25 −2.56 −20.80 −15.64 −13.49 

11.7 0.8 −8.91 −6.37 −5.47 −26.63 −19.90 −16.87 

11.7 1 −13.56 −8.03 −6.77 −30.10 −26.31 −23.41 

11.7 1.8 −29.48 −19.09 −17.57 −46.41 −45.61 −42.26 

8.5 0.1 −0.44 0.38 1.09 −14.11 −10.78 −9.02 

8.5 0.3 −2.55 −1.03 −0.03 −18.18 −13.09 −10.78 

8.5 0.5 −5.33 −3.25 −2.35 −20.80 −15.64 −13.49 

8.5 0.8 −8.91 −6.37 −5.47 −26.63 −19.90 −16.87 

8.5 1 −13.56 −8.03 −6.77 −30.10 −26.31 −23.41 

8.5 1.8 −29.48 −19.09 −17.57 −46.41 −45.61 −42.26 

5.9 0.1 −1.12 0.53 1.59 −26.15 −22.09 −19.86 

5.9 0.3 −4.03 −1.26 −0.57 −32.48 −27.43 −24.35 

5.9 0.5 −6.89 −3.32 −2.63 −39.89 −35.16 −31.66 

5.9 0.8 −9.87 −5.89 −5.19 -55.354 −45.06 −42.19 

5.9 1 −12.90 −8.57 −7.67 −66.38 −63.75 −55.27 
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Table A3−12. Melting points of (NH4)2SO4 solution in bulk and in confinement. 

Pore size /d Molality 
Ice melting point Eutectic point  

Bulk In pore Bulk In pore  

nm mol·kg-1 °C °C °C °C  

6.3 0.1 1.53 −18.29 - - 

Fig. 7-26 

6.3 0.5 −1.07 −21.01 - - 

6.3 0.8 −2.08 −23.41 - - 

6.3 1.5 −4.67 −30.22 - - 

6.3 2.5 −8.69 - −17.85 - 

6.3 3.0 −9.71 - −17.93 −41.73 

6.3 3.2 −10.95 - −18.13 −41.99 

6.3 5.0 - - −18.14 −42.01 

6.3 6.0 - - −18.14 −42.13 

20.6 5.0   −17.69 -19.83 

11.7 5.0   −18.22 −26.67 

9.1 5.0   −18.04 −30.39 

8.5 5.0   −17.97 −31.68 

7.6 5.0   −18.07 −35.77 

5.9 5.0   −17.94 −44.75 

20.6 3.0 −9.71  −17.89 −22.99 

11.7 3.0 −11.14  −19.16 −27.06 

9.1 3.0 −11.01  −18.04 −30.49 

8.5 3.0 −9.52 - −17.86 −31.35 

7.6 3.0 −10.57 - −18.07 −45.41 

6.3 3.0 −9.44  −17.93 −41.73  

5.9 3.0 −12.18  −17.90 -  
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Table A3−13. Deliquescence relative humidities (DRHs) of chlorides (KCl, MgCl2·6H2O, and 

CaCl2·nH2O) in bulk and in confinement at 25 °C. 

Pore size /d Salt 
DRH  

Onset Offset Average value  

nm  % % %  

Bulk KCl - - 84 

Fig. 7-30 

20.6 KCl 74 79 76.5 

11.7 KCl 66 72 69 

9.1 KCl 65 70 67.5 

8.5 KCl 64 71 67.5 

7.0 KCl 49 55 52 

5.9 KCl 50 53 51.5 

3.8 KCl 32 50 41 

Bulk MgCl2·6H2O - - 34 

20.6 MgCl2·6H2O 22 26 24 

11.7 MgCl2·6H2O 18 21 19.5 

9.1 MgCl2·6H2O 5 10 7.5 

7.0 MgCl2·6H2O 5 9 7 

6.6 MgCl2·6H2O - - - 

5.9 MgCl2·6H2O - - - 

Bulk CaCl2·nH2O* - - 19 

20.6 CaCl2·nH2O* 11 13 12 

11.7 CaCl2·nH2O* 9 11 10 

9.1 CaCl2·nH2O* 7 9 8 

7.0 CaCl2·nH2O* 6 9 7.5 

5.9 CaCl2·nH2O* 5 8 6.5  

- - - - -  

* β−CaCl2·4H2O or CaCl2·2H2O 
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Table A3−14. Deliquescence relative humidities (DRHs) of perchlorates (NaClO4·H2O, 

Mg(ClO4)2·6H2O and Ca(ClO4)2·4H2O) in bulk and in confinement at 25 °C. 

Pore size 

/d 
Salt 

DRH  

Onset Offset Average value  

nm  % % %  

Bulk NaClO4·H2O - - 44 

Fig. 7-33 

20.6 NaClO4·H2O 28 33 30.5 

11.7 NaClO4·H2O 25 29 27 

9.1 NaClO4·H2O 22 26 24 

7.0 NaClO4·H2O 17 21 19 

6.6 NaClO4·H2O 16 18 17 

5.9 NaClO4·H2O 12 16 14 

Bulk Mg(ClO4)2·6H2O - - 40 

20.6 Mg(ClO4)2·6H2O 33 37 34.5 

11.7 Mg(ClO4)2·6H2O 27 31 29 

9.1 Mg(ClO4)2·6H2O 23 27 25 

7.0 Mg(ClO4)2·6H2O 20 22 21 

6.6 Mg(ClO4)2·6H2O 16 19 17.5 

5.9 Mg(ClO4)2·6H2O 14 17 15.5 

Bulk Ca(ClO4)2·4H2O - - 16 

20.6 Ca(ClO4)2·4H2O 11 13 12 

11.7 Ca(ClO4)2·4H2O - - - 

9.1 Ca(ClO4)2·4H2O - - - 

7.0 Ca(ClO4)2·4H2O - - - 

5.9 Ca(ClO4)2·4H2O - - - 
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A4. Chemicals directory 

Table A4−1. List of hazardous substances according to GHS (hazard symbols H- and P)* 

Substance H-Statements P-Statements 
GHS symbols and 

signal words 

Sodium chloride (NaCl) - - - 

Potassium Chloride (KCl) - - - 

Ammonium Chloride (NH4Cl) 302, 319 
264, 270, 280, 301+312, 
305+351+338, 337+313 

07 
Warning 

Magnesium chloride 
hexahydrate MgCl2·6H2O 

- - - 

Calcium chloride dihydrate 
CaCl2·2H2O 

319 
264, 280, 305+351+338, 

337+313 

07 
Warning 

Calcium chloride hexahydrate 
CaCl2·6H2O 

319 
264, 280, 305+351+338, 

337+313 

07 
Warning 

Sodium perchlorate (NaClO4) 271, 302, 319, 373 
210, 220, 301+312, 
305+351+338, 314 

03, 07, 08 
Danger 

Magnesium perchlorate 
hexahydrate (Mg(ClO4)2·6H2O) 

272, 315, 319, 335 210, 302, 305+351+338,  
03, 07 

Danger 

Calcium perchlorate 
tetrahydrate (Ca(ClO4)2·4H2O) 

272, 315, 319, 335 
210, 220, 280, 332+313, 
304+340+312, 301+352, 
337+313, 371+380+375 

03, 07 
Danger 

Sodium nitrate (NaNO3) 272, 319 210, 305+351+338 
03, 07 

Warning 

Potassium nitrate (KNO3) 272 
210, 220, 280, 370+378, 

501 

03 
Warning 

Sodium sulfate (Na2SO4) - - - 

Ammonium sulfate ((NH4)2SO4) - - - 

Hydrochloric acid (HCl) 290, 314, 318, 335 
234, 361, 271, 280, 

303+361+353, 
305+351+338 

05, 07 
Danger 

Triblock copolymer Pluronic (P-
123) 

- - - 

Tetraethoxysilane (TEOS) 226, 335, 332, 319 
210, 261, 280, 304+340 

305+351+338,  

02, 07 
Warning 

3,3',5,5'-Tetramethylbenzidine 
(TMB) 

302, 351, 413,  
202, 264, 273, 280, 
301+312, 308+313 

07, 08 
Warning 

n-Hexane 
225, 304, 315, 336, 

361f, 373, 411 

202, 210, 273, 301, 
310+310, 303+361+353, 

331 

02, 07, 08, 09 
Danger 

*Data according to GESTIS Substance Database (https://gestis-database.dguv.de). 
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List of Abbreviation 

AFM: atomic force microscopy 

CCD: charge-coupled device 

DSC: differential scanning calorimetry 

EELS: electron energy loss spectroscopy 

EDX: energy−dispersive X−ray spectroscopy 

ESEM: environmental scanning electron microscope 

IR: inferred spectroscopy 

MARSIS: Mars Advanced Radar for Subsurface and Ionosphere Sounding 

SPSx−1µ: multi−sample Dynamic Moisture Sorption SPSx-1µ Advance 

STM: scanning tunneling microscopy 

TECP: Thermal and Electrical Conductivity Probe 

UPS: ultraviolet photoemission spectroscopy  

XPS: X−ray photoelectron spectroscopy 

XRD: X−ray diffraction 

E-AIM: Extended Aerosol Inorganics Model 

FREZCHEM: freezing chemistry 

PKL: model combining Pitzer theory, Kelvin effect, and Laplace pressure 

PK: model combining Pitzer theory and Kelvin effect 

MD: molecular simulation 

NLDFT: non−local density functional theory 

PB: Poisson−Boltzmann theory 

RH: relative humidity  

DRH: deliquescence relative humidity 

ERH: efflorescence relative humidity 

MDRH: mutual deliquescence relative humidity 

EDL: electrical double layer 
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HDL: high−density liquid 

LDL: low−density liquid 

LLCP: liquid−liquid critical point 

f−(NH4)2SO4: ferroelectric ammonium sulfate  

p−(NH4)2SO4: paraelectric ammonium sulfate  

MCF: siliceous mesostructured cellular foam 

PSSC: porous silica salt composites 
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