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ABSTRACT 

Clathrate hydrate is a multi-component system in which the “guest” gas molecules are 

accommodated by the “host” water. It has many potential applications in energy storage, CO2 

capture and sequestration, gas separation and others. We wish to promote the formation of clathrate 

hydrate in these applications since the formation of clathrate hydrate is desired. However, in oil 

and gas industry, we wish to prevent the formation of hydrate due to the flow assurance problems.  

Nucleation is the first step of clathrate hydrate formation. It is a kinetic effect and occurs 

stochastically. The nucleation probability increases with time and the system size, which is volume 

for homogeneous nucleation and interfacial area for heterogeneous nucleation. For either 

homogeneous nucleation or heterogeneous nucleation, the nucleation rate which is defined as the 

nucleation probability per unit size in unit time is the most important measure that characterizes 

the nucleation phenomenon of a given system. 

For now, there’s relatively few experimental studies focused on the nucleation of clathrate 

hydrate, especially quantitative studies that reliably quantify the nucleation rates of clathrate 

hydrate. In addition, it is challenging to understand the mechanism of clathrate hydrate nucleation 

due to the reasons such as the uncertainties in how to apply classical nucleation theory, 

experimental difficulties, and the inability of determining the nucleation rate reliably. Therefore, 

studying a structurally similar and less complex system, such as ice, may provide an indirect 

method to help understanding the mechanism of clathrate hydrate nucleation. 

Compared to clathrate hydrate, ice has more literature data available for comparison and 

validation. Therefore, the study of ice nucleation might provide an indirect method to help 

understanding the mechanism of clathrate hydrate nucleation. The nucleation of ice could not only 

lay the foundation for the study of clathrate hydrate nucleation, but also has application in global 
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climate change, food engineering, biology, and other fields. Since ice and clathrate hydrate have 

similar structures, findings in one of ice nucleation and clathrate hydrate nucleation will aid to the 

understanding of the other. For example, if a material is found to be effective for 

promoting/inhibiting the nucleation of ice or clathrate hydrate but not for the other, it would shed 

light for the potential mechanism. Although ice nucleation has been studied over decades, many 

problems still remain. For example, there’s no comprehensive heterogeneous nucleation theory or 

standard for a baseline to which the effects of additives can be compared. For the study of additives, 

although many substances were found to promote or inhibit ice nucleation, it is still unclear that 

(1) what is the most important factor that influences the nucleation, (2) why these substances could 

promote/inhibit the ice nucleation efficiently, and (3) how to design effective promoters/inhibitors.  

In this study, in order to enhance the understanding of mechanisms of both clathrate hydrate 

nucleation and ice nucleation, we plan to take dual approaches, studying the nucleation of ice and 

clathrate hydrate and using findings in one of them to help understanding of the other. Firstly, a 

new experimental setup was established, calibrated, and assessed for the measurement of ice 

nucleation rate. The nucleation rates of ice were investigated in three microliter-sized water 

systems: 1) quasi-free water droplet supported by stable wetting films; 2) quasi-free water droplet 

suspended between two immiscible liquids; and 3) water directly in contact with a hydrophobic 

Teflon wall. The results showed that the nucleation rates measured in two quasi-free water droplet 

systems were broadly similar to each other, which suggested the quasi-free droplet systems could 

provide a reliable baseline for future studies in the presence of additives. The nucleation rates 

measured in water directly contact with a Teflon wall were somewhat higher than those of two 

quasi-free droplet systems, but the difference was not big. 



 iv 

After the baseline was set up, the nucleation rates of ice in the presence of seven nucleation 

promoters (including AgI, kaolinite, Snomax, cholesterol, steroid and two types of celluloses) were 

investigated in water directly in contact with a Teflon wall. The efficacy of these seven promoters 

could be ranked as: Snomax ≈ AgI ≥ kaolinite > steroid > cholesterol ≈ celluloses ≥ Teflon wall.  

Snomax was found to be the most effective promoter among the seven tested promoters 

and it was postulated that the efficacy of Snomax might be aided by its larger interfacial area for 

heterogeneous nucleation since it could be dispersed in water. Therefore, the three nucleation 

promoters that we previously found to be effective- AgI, kaolinite and cholesterol – were attempted 

to be dispersed in water to increase the interfacial area. It was found that the dispersion of these 

promoters into water was difficult and required the addition of TBAB (Tetrabutylammonium 

bromide) to the aqueous phase before they could be dispersed. The nucleation rates measured in 

the dispersed nucleation promoter suspensions were investigated. And the results showed that 

dispersing AgI into 1 mM TBAB solution further promoted the ice nucleation while dispersing 

kaolinite or cholesterol in TBAB solutions did not promote ice nucleation more so than the TBAB 

solutions without kaolinite or cholesterol. 

Other than promoters, the impact of monovalent electrolytes with concentrations lower 

than 100 mM was investigated in quasi-free droplets suspended between two immiscible liquids. 

It was found that none of the tested salts inhibited the nucleation of ice, to the contrary, some 

monovalent salts unexpectedly increased the nucleation rate of ice at low supercoolings. 

Finally, the formation of CO2 hydrate in quasi-free droplets of dilute electrolytes was 

investigated. The results showed that NaCl (sodium chloride) had no inhibition effect while KI 

(potassium iodide) had a weak promotion effect at low concentrations. And the impacts of these 

two salts on the nucleation of CO2 hydrate were broadly similar to the previous findings of ice.  
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CHAPTER 1 INTRODUCTION 

 

1.1 Research Background 

Clathrate hydrate is a multi-component system that the “guest” gas molecules are 

accommodated by the “host” water [1]. In oil and gas industry, the formation of clathrate hydrate 

is undesirable and needs to be inhibited since it could destroy the structural integrity of the 

pipelines or surface facilities, resulting in lowering the drilling or production efficiency [2]. In 

addition, the formation of gas hydrates could also cause flow assurance problems since it could 

result in blockage and lead to serious operation and safety hazards if it is not controlled properly. 

However, in some applications such as gas separation, CO2 capture and sequestration, water 

desalination, and others, we wish to promote the formation of clathrate hydrate since it is desired.  

Nucleation is the essential step of the formation of clathrate hydrate. It is the process of 

surmounting an activation barrier that originates from the interfacial energy between the emerging 

and the parent phases [3, 4]. The nucleation probability increases with time and the system size, 

which is volume for homogeneous nucleation and interfacial area for heterogeneous nucleation. In 

reality, most nucleation is heterogeneous nucleation and homogeneous nucleation can only occur 

in very limited circumstances [4]. For either homogeneous nucleation or heterogeneous nucleation, 

the nucleation rate which is defined as the nucleation probability per unit size in unit time is the 

most important measure that characterizes the nucleation phenomenon of a given system [3]. 

For now, there are few experimental studies focused on the nucleation of clathrate hydrate, 

especially quantitative studies that reliably quantify the nucleation rates of clathrate hydrate. Most 

of the literature failed to draw a holistic understanding of the nucleation of clathrate hydrate [2]. 

The reason for the lack of literature data might be the experimental difficulties. The non-polar 
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“guest” gases usually have low solubility in the “host” water, this property would increase the 

experimental difficulty due to the mass-transfer limitations [5]. Besides, the conventional 

measurement method is time-consuming and lack repeatability. It is challenging to understand the 

mechanism of the nucleation of clathrate hydrate due to reasons such as experimental difficulties 

and the inability of determining the nucleation rate reliably. In this case, studying the nucleation 

of a system that has similar structure to clathrate hydrate but less complex, such as ice, might be a 

good indirect method for enhancing the understanding of the nucleation of clathrate hydrate.  

Ice is a single-component system, it is less complex and easier to study than clathrate 

hydrate which is multi-component and requires elevated pressures. Since clathrate hydrate has 

similar structure with ice, there are some similarities between them in properties such as 

mechanical properties and thermal properties [6]. Therefore, the study of one of the clathrate 

hydrate and ice could help to enhance the understanding of the other. The nucleation of ice could 

not only lay a baseline for the study of the nucleation of clathrate hydrate [7], it also has great 

impacts on global climate [8] and the water on aircraft wings [9], bridge cables [10], and other 

engineered and structured surfaces, which could result in dangerous equipment failures or even 

losses if not controlled properly. In addition, the study of ice nucleation has potential applications 

in medicine, food engineering, mineralogy [11], biology [12], and other fields. Although ice 

nucleation was studied by experimental [8] and modeling [13] methods for decades and hence has 

more literature data available for comparison and validation. However, still several unsolved 

problems remain. For example, there’s no a-priori standard for a baseline to which the effects of 

additives can be compared. For the study of additives, although many substances have been 

reported to promote or inhibit the nucleation process of ice, it is still hard to find a reliable standard 

nucleation promoter/inhibitor since many potential impacts of sample variations such as purity, 
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grain size, and aging [14] should be considered [4]. Besides, it is unclear (1) what the most 

important factor is that influence the efficiency of the promoter/inhibitor, (2) why these substances 

are efficient in promoting/inhibiting the nucleation process, and (3) how to design an efficient 

nucleation promoter/inhibitor [4].  

Nucleation rate is central to nucleation phenomena but yet nucleation rates of ice/clathrate 

hydrate in the presence of various additives have not been characterized very well. For example, 

researchers only reported some substances were effective nucleation promoters/inhibitors for the 

nucleation of ice/clathrate hydrate, but were unable to quantify by how much, compared to other 

promising additives. Therefore, a probabilistic approach that based on a large number of 

measurements is required to determine the nucleation rate and describe the efficacy of additives 

quantitatively.  

In this study, we plan to study the nucleation of both ice and clathrate hydrate and use the 

findings in one of them to help the understanding of the other. Since there are much less literature 

data in clathrate hydrate and it is also more complex than ice (single component), we started from 

the measurement of ice nucleation. We aim to establish a new experimental setup that could be 

used for the investigations of ice nucleation, then calibrate and assess its reliability. After that, the 

baseline for the investigation of ice nucleation rate in the presence of different additives was set 

up. Because there are many experimental methods to investigate the ice nucleation rate, which 

included suspending water droplets in a gas, supporting sessile water droplets on hydrophobic 

surfaces, and suspending water droplets in oil or between two mutually immiscible oil layers [8], 

we compared the nucleation rates of ice measured in three water systems, including two quasi-free 

water droplet systems (water droplet supported by stable wetting films and water droplet 

suspended between two immiscible liquids) and water directly in contact with a hydrophobic 
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Teflon wall. After the baseline is set, we investigated the effects of nucleation promoters and/or 

inhibitors for both ice and clathrate hydrates and ranked their efficacy according to the nucleation 

rates. The findings would put some insights into finding reliable and effective promoters/inhibitors 

for controlling the nucleation process of both clathrate hydrate and ice. 

 

1.2 Problem Statement 

Although many substances were found to accelerate/delay the nucleation process of ice or 

clathrate hydrate, some problems still remain. One of the most important problems is that 

nucleation rate is central to nucleation phenomena and yet nucleation rates of ice and clathrate 

hydrate in the presence of various additives have not been characterized very well. Therefore, it is 

difficult to compare the efficacy of a range of promoters/inhibitors quantitatively on the nucleation 

of ice/clathrate hydrate. For example, researchers reported that cholesterols, steroids [15], some 

bacteria [16], pollen [17], etc. are effective ice nucleation promoters that can nucleate ice at -1 °C, 

but it is impossible to tell if these substances are more or less effective than other promising 

promoters such as AgI. Besides, researchers applied various experimental apparatus, different 

experimental methods (e.g., constant temperature method and linear cooling method) and samples 

with a wide range of droplet size, thus it is unable to quantify or compare the efficacy of the 

reported substances with other promoters/inhibitors if only based on the supercoolings which were 

usually reported in the literature. In other words, the ranking/quantifying the efficacy of different 

promoters/inhibitors reported in the literature could only be possible by systematic comparing the 

nucleation rates. Therefore, a probabilistic approach is needed for experimentally determining the 

nucleation rates, which could further rank the efficacy of a range of promoters/inhibitors that have 

been reported in the literature for the nucleation of ice/clathrate hydrate. 
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1.3 Research Objectives 

In order to solve the issues in the Problem Statement section, we aim to characterize the 

nucleation rates that is central to the nucleation phenomena of both ice and clathrate hydrate in the 

presence of different promoters/inhibitors. a probabilistic approach based on a large number of 

measurements is required for the experimental determinations of nucleation rates.  

The detailed description of research objectives is listed below: 

• Set up a system that can be used for investigations of ice nucleation. Establish a 

new experimental setup, calibrate and assess its reliability. This experimental setup 

could also provide a reference point for the studies on clathrate hydrate nucleation. 

• Investigate the ice nucleation rate using three different water systems: water droplet 

supported by stable wetting films of squalane, water droplet suspended between 

two immiscible liquids and water directly in contact with a hydrophobic Teflon 

wall. Develop a baseline for the studies of ice nucleation in the presence of 

nucleation promoters/inhibitors, etc. This also provides a reference point for the 

studies on the nucleation of clathrate hydrate. 

• Investigate the effects of different types of promoters on ice nucleation. Determine 

the nucleation rates and rank the efficacy of the tested promoters quantitatively.  

• Investigate the impact of dispersion and the concomitant increasing interfacial area 

on the efficacy of ice nucleation promoters.   

• Investigate the nucleation rates of both ice and CO2 hydrate in dilute salt solutions.  
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1.4 Thesis Structure 

There are eight chapters in this dissertation. In Chapter 1, we introduce the research 

background, problem statement, and research objectives. In Chapter 2, we review the literature 

related to this research, including the structure of clathrate hydrates and ice, nucleation and 

nucleation rate, nucleation of clathrate hydrates and ice, and promoters/inhibitors for clathrate 

hydrates and ice. In Chapter 3, we establish a new experimental setup for the investigations of ice 

nucleation and measure the nucleation rates in two quasi-free water droplet systems (quasi-free 

water droplet supported by a stable film and quasi-free water droplet suspended by two immiscible 

liquids). Chapter 4 presents the investigation of ice nucleation rate in a third water system (water 

directly in contact with a hydrophobic solid wall) and in the presence of seven different types of 

nucleation promoters. In Chapter 5, we attempt to disperse the nucleation promoters of ice into 

water with the aid of TBAB and study on the effect of dispersed promoter suspensions on ice 

nucleation rate.  In Chapter 6, we investigate the ice nucleation rates in quasi-free droplets of dilute 

monovalent salt solutions. Chapter 7 shows the nucleation rates of CO2 hydrate in the presence of 

dilute electrolytes. Finally, Chapter 8 summarizes the conclusions and limitations of the present 

study and the suggestions for future work. 
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CHAPTER 2 LITERATURE REVIEW 

 

2.1 Structures of Clathrate Hydrate and Ice 

Both clathrate hydrate and ice have several different crystal structures. Clathrate hydrate is 

ice-like solid in which some “guest” molecules are accommodated by the “host” hydrogen-bonded 

water molecules under proper temperature and pressure conditions 1. Under relatively low pressure 

conditions, clathrate hydrate has three most common crystal structures, including cubic structure 

I (sI), cubic structure II (sII), and hexagonal structure H (sH) 2, 3. Structure I is composed of two 

512 cages and six 51262 cages, and it usually formed with guest molecules such as methane, ethane, 

carbon dioxide, etc. 4. Structure II is composed of 16 512 cages and eight 51264 cages, and some 

typical guest gases are propane, cyclopentane, hydrogen, etc. 4. As for structure H, it is composed 

of three 512 cages, two 435663 cages and one 51268 cage, and it generally formed with mixture gas 

molecules 5. Other than these three common structures, there are also other less common crystal 

structures of clathrate hydrate under high pressure conditions or formed by compounds other than 

natural gas guests, such as Jeffrey’s structures III-VII, structure T, etc. 1, 6, 7. In this thesis, we only 

concentrated on the CO2 hydrate (sI hydrate). 

Compared to clathrate hydrate, the structure of ice seems to be “simpler” since it only has 

hollow structure consisted of hydrogen-bonded water molecules. It was known that only ice I could 

form at the atmospheric pressure 8, and ice I was commonly divided into two distinct forms, 

including the cubic phase (ice Ic) and the hexagonal phase (ice Ih) 9. When changing the 

temperature and pressure conditions, some other phases would appear due to the changes of the 

water molecule network structure and the increasing distortion of the O-O-O angles 10. For now, 



 10 

ice was reported to have 19 different phases under different temperature and pressure conditions 

10-12. In this thesis, we concentrated on the experimental investigations of ice Ih. 

On a molecular basis, ice has hollow structures that formed by hydrogen-bonded water 

molecules and the structures of clathrate hydrate are guest gas molecules “trapped” in the 

hydrogen-bonded water molecule cages, they thus thought to be structural similar and some 

properties of clathrate hydrate were similar to that of ice 1. Sloan and Koh summarized the 

comparisons of the properties of hydrates and ice, including mechanical properties (mechanical 

strength and elastic properties) and thermal properties (thermal conductivity and thermal 

expansion) 1. Tse et al. applied molecular dynamics methods to study the dynamical behaviour of 

ice Ic and methane hydrate (sI hydrate) and reported that they had similar phonon densities of 

states 13. Schicks et al. reported that the Raman spectra of gas hydrate and ice Ih showed some 

similarities 14. In addition, the similarities between clathrate hydrate and ice also provided insights 

to finding new phases of clathrate hydrates/ice. For example, Falenty et al. experimentally 

established the ice XVI phase by removing all guest gases from the sII clathrate hydrate structure 

15.  

 

2.2 Nucleation and Nucleation Rate 

Nucleation is the kinetic process by which new phases begin to form and it is stochastic. 

During some processes such as crystallization, condensation and evaporation, nucleation is the 

initial step which plays an important role 16. To explain it more specifically, nucleation is the 

process of surmounting an activation barrier that originates from the interfacial energy between 

the emerging and the parent phases 16, 17. Traditionally, it could be divided into homogeneous 

nucleation (nucleation in a homogeneous bulk phase) and heterogeneous nucleation (nucleation at 
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an interface such as solid wall or impurities). In reality, most nucleation is heterogeneous 

nucleation and homogeneous nucleation can only occur in very limited circumstances 16. 

The most common theoretical framework for nucleation is the Classical Nucleation Theory 

17. Based on the Classical Nucleation Theory, the nucleation rate can be expressed by Eq. 2.1 16, 17. 

It is defined as the nucleation probability density per unit time, and it is usually normalized to a 

proper system size (either system volume for homogeneous nucleation or surface/interfacial area 

for heterogeneous nucleation) 16. 

 J = AN
0
exp(-Dg / kT ) Eq. 2.1 

where J is the nucleation rate, A is a kinetic constant, N0 is the concentration of potential 

nucleation sites, Dg is the height of the activation barrier, k is the Boltzmann constant, T is the 

temperature. 

Although the classical nucleation theory has been applied in many fields, it has some 

limitations such as assuming that the nucleating phase is a thermodynamically stable phase, 

assuming the initial cluster is spherical, and assuming the formation of a single critically-sized 

nucleus in a given system could result in the macroscopic phase transition of the whole system, 

etc. 9, 16. 

Nucleation rate is the most important parameter that characterize the nucleation 

phenomenon quantitatively. However, few researchers reported the nucleation rates of clathrate 

hydrates due to reasons such as experimental difficulties and the uncertainties on how to apply the 

Classical Nucleation Theory. For the nucleation of ice, although there are more literature reporting 

the nucleation rates than clathrate hydrate, many problems or mechanisms remain unclear. In 

addition, the nucleation rates of ice/clathrate hydrate in the presence of various additives have not 
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been characterized very well. To this end, we aimed to investigate the nucleation rates of 

ice/clathrate hydrate in the presence of different types of promoters/inhibitors in this study. 

 

2.3 Nucleation of Ice  

The nucleation of ice has been studied for decades since it plays an important role on global 

climate, the prevention of icing on engineering and structural surfaces, food cryopreservation and 

many other fields 9, 18-20. In oil and gas industry, the nucleation of ice could also lay a foundation 

for the study of nucleation of clathrate hydrate 21. 

Generally, the nucleation of ice could be divided into two categories: nucleation from vapor 

and nucleation from liquid water. For the nucleation of ice from vapor, it is unclear now whether 

the supersaturated water vapor in the atmosphere nucleate to ice directly or condense to water 

droplet firstly and followed by nucleating to ice 16. As for the nucleation of ice from liquid water, 

either homogeneous nucleation or surface nucleation in the absence of a solid wall, while contact 

nucleation or immersion nucleation would occur in the presence of a solid wall 9, 16, 22.  

For now, there are many experimental methods applied for the investigations of the 

nucleation of ice from liquid water. Kramer et al. determined the homogeneous nucleation rates 

measured in micrometer-sized levitated water droplets in an electrodynamic Paul-trap 23. Stockel 

et al. applied similar experimental method to investigate the ice nucleation in electrodynamic 

levitated charged droplets of water (H2O) and heavy water (D2O) and reported the homogeneous 

ice nucleation rates in the temperature range of 236.37 to 237.91 K 24. However, it was proposed 

that the polarization of the levitated droplets in the electrostatic field may affect the water surface 

tension, which would bring some uncertainties into the experimental process 25. Some researchers 

then applied acoustically levitated water droplets for the investigation of ice nucleation 26, 27. Other 
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than levitating water droplets electrodynamically or acoustically, suspending the droplets in an 

airflow/gas flow was also commonly used for the studies on ice nucleation. And some typical 

apparatuses included the Mainz vertical wind tunnel (M-WT) 28, continuous-flow diffusion 

chamber 29, 30, Zurich ice nucleation chamber 31, cloud chambers 32, etc. 

Other than the techniques mentioned above, water droplets immobilised on water repellent 

surfaces or suspended in oil/between oil layers were also commonly used for studying the ice 

nucleation. The water repellent surfaces are usually the hydrophobic solid surfaces or the 

hydrophobic/superhydrophobic coating surfaces. Jung et al. investigated the freezing of sessile 

water droplets on different surfaces with a wettability that ranges from hydrophobic to 

superhydrophobic 33. Zhang et al. investigated the nucleation of sessile water droplets on a cold 

hydrophobic plate (with a wetting angle of 85°) and reported the nucleation rates based on the 

Classical Nucleation Theory 34. Tobo 35 reported some modifications of the cold-stage-based 

freezing experiments on millimeter-sized water droplets that deposited on the aluminum plate 

coated with a thin Vaseline layer. For the experimental methods using suspending water droplets 

in oil/between oil layers, Bigg firstly applied the suspended water droplets at the interface of two 

immiscible liquids to study the nucleation of ice 36. Ning and Liu investigated the ice nucleation 

in micro-sized water droplets suspended between two oil layers 37. And they reported the 

nucleation rates and proposed that the volume had a great impact on the nucleation kinetics at the 

microscale 37. Similar experimental method was also applied in the studies of other researchers 38. 

Compared to the open experimental droplet systems, the methods of suspending droplets between 

two layers of immiscible oils could largely minimize the effect of contacting with the container 

wall and also diminish the potential impacts of water droplet evaporation, droplet contamination 

by airborne particles, and the influence of neighbouring freezing droplets by frost growth 39. 
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2.4 Nucleation of Clathrate Hydrate 

The nucleation of clathrate hydrate is more difficult to understand since it involves more 

components than ice 7. In addition, characterizing the nucleation phenomenon quantitatively is 

challenging due to the stochastic nature of the hydrate nucleation, the multi-factors (e.g., seed size, 

driving force, etc.) that may affect the nucleation, as well as the experimental difficulties such as 

the mass transfer problems and so on 17, 40, 41. There are two main experimental methods to study 

the nucleation rate for clathrate hydrate and any other systems, including the constant temperature 

method and linear cooling ramp method. The former one uses constant supercooling (driving force) 

during the whole experiment, while the latter gradually increases the system supercooling (driving 

force) until nucleation is induced, and the linear cooling ramps always take a shorter induction 

time before the nucleation event occurs compared to the constant temperature 7. 

There were several types of experimental apparatuses for the experimental investigations 

of the nucleation and formation of clathrate hydrate, such as rocking cell, high-pressure cells, 

autoclaves and high-pressure differential scanning calorimeter (HP-µDSC) 7, 42. Due to the low 

solubility of gas molecules in the liquid phase and the complexity of nucleation process in the 

multi-component system, the nucleation rates of gas hydrates are usually low and difficult to 

measure 43. In this case, some traditional high pressure setups were found to be difficult to get 

enough experimental data efficiently because of the inability to apply shear or fast cooling rates 43, 

44. Some researchers tried to describe the kinetics of clathrate hydrate quantitatively and investigate 

the nucleation rate by using some improved high-pressure apparatuses 42. Maeda et al. applied the 

high pressure automated lag time apparatus (HP-ALTA) to study the nucleation and growth of 

clathrate hydrate 45, and he also developed a systematic method to determine a nucleation curve 
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over the whole experimental supercooling 46. Metaxas et al. investigated the nucleation of mixed 

gas hydrate that induced at a constant supercooling in an improved high-pressure stirred automated 

lag time apparatus (HPS-ALTA) 47. They determined the nucleation and growth rate of mixed gas 

hydrate and reported that the nucleation rates obtained were broadly consistent with other literature 

data that using a different apparatus. Barwood et al. presented a method for determining the 

nucleation rates from the constant cooling experiments in a similar HPS-ALTA apparatus as that 

used in Metaxas et al.’s study 40. And their results suggested that both the number of heterogeneous 

nucleation sites and the average energy barriers would increase with the supercooling.  

Complications arose when researchers tried to determine the area-normalised nucleation 

rates for clathrate hydrate. It is unclear whether the experimental nucleation rates for clathrate 

hydrate were proportional to the liquid-gas interface or the length of the three-phase-line where 

the solid wall, liquid and the gas met 45, 48. In order to diminish the impact of solid wall and make 

the interfacial area on which the nucleation process occurs quantifiable, some researchers 

investigated the nucleation of clathrate hydrate on “quasi-free” droplets. Tanaka et al. reported the 

visual observations of the formation of clathrate hydrate on the water droplets supported by a 

hydrophobic Polytetrafluoroethylene (Teflon) stage 49. Maeda investigated the nucleation of 90 

mol% methane and 10 mol% propane (C1/C3) mixed gas hydrates on quasi-free water droplets 

that supported by a perfluorodecalin film 46, 50. Wei and Maeda reported the nucleation curves of 

CO2 hydrate measured on water droplets that supported by a perfluoromethyldecalin film and 

compared the results with those measured in the presence of solid walls (glass wall and stainless 

steel wall) 51. Jeong et al. observed the nucleation and growth of mixed gas hydrates (molar 

composition: 0.78 methane + 0.12 ethane + 0.06 propane + 0.01 isobutane + 0.03 carbon dioxide) 

on acoustically levitated water droplets 43, 52.  
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2.5 Promoters/Inhibitors for Ice 

2.5.1 Promoters for Ice 

The nucleation promoters for ice have been studied for decades due to their application in 

cloud seeding 16.  Silver iodide (AgI) was widely used as a promoter for ice nucleation, but the 

promotion mechanism of it remains questioned/unclear to this day 53. Researchers firstly attributed 

the effective nucleation ability to the perfect lattice matching between the AgI surface and ice, but 

the role of lattice matching in promoting ice nucleation was questioned because of 1) ice was found 

to grow as discrete hexagonal islands instead of an expected uniform film on the AgI surface; 2) 

other substances such as cadmium sulfide (CdS) and barium fluoride (BaF2) also have similar 

lattice spacing with ice but couldn’t act as effective promoters for ice nucleation; 2) some organic 

materials such as cholesterol were reported to have similar promotion effect to AgI although their 

crystal lattices have no relationships to that of ice 16, 53-55.  

In addition to AgI, soot particles and some clay minerals such as kaolinite and illite were 

reported to have promotion effect on ice nucleation. Gorbunov et al. reported that the soot particles 

tested in their study could nucleate ice as high as -10 °C 56. Mahrt et al. experimentally investigated 

the ice nucleation abilities of different types of soot particles in a HINC (horizontal ice nucleation 

chamber) and reported that soot particles were able to nucleate ice via a pore condensation and 

freezing mechanism 57. Pinti et al. investigated the ice nucleation efficiency of different types of 

clay minerals including kaolinites, illites and montmorillonites. And they proposed that the 

freezing temperature of ice in the presence of clay minerals depended on the amount of clay 

mineral per droplet and the type of the clay mineral 58. 
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Other than the materials mentioned above, Snomax, which is a commercial product, was 

reported to nucleate ice at temperatures of up to -2 °C 59. Some organic molecules such as steroids 

and cholesterol were also reported to be effective nucleation promoters 60, and Sosso et al. tried to 

reveal the origins of the nucleating activity of steroids such as cholesterol 61. Besides, some 

bacteria 62, pollen 63, and water-soluble macromolecules such as fungal species 64 were studied for 

enhancing the ice nucleation process for years.  

Although many substances were found to promote ice nucleation and many criteria for 

what make an effective nucleation promoter were proposed 65, 66, several problems still remain 

unknown, including the reason these substances accelerate/delay the nucleation process, the most 

important properties of effective promotor/inhibitor, the way to design an effective 

promoter/inhibitor, etc. 16. Besides, few researchers determined the nucleation rate to describe the 

efficiency of promoters quantitatively.  

 

2.5.2 Inhibitors for Ice  

Holt proposed that two main classes substances that could inhibit the nucleation of ice, 

including the solutes which decrease the freezing point and the materials that have inhibition 

ability without affecting the freezing significantly 67. Salts are known as the thermodynamic 

inhibitors for the nucleation of ice by decreasing the activity of water and depressing the melting 

point of ice 68. For example, Espinosa et al. reported that sodium chloride (NaCl) with a 

concentration of 1.85 M could inhibit the nucleation of ice by increasing the ice-liquid interfacial 

free energy 69. Miyata et al. investigated the effects of different monovalent ions on the nucleation 

temperatures of ice formation and concluded that the cationic effect on nucleation temperature 
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increased with the decreasing cationic radius while the anionic effect on nucleation temperature 

increased with the increasing anionic radius 70.  

Several types of antifreeze proteins (AFP) were also studied to inhibit the freezing process 

of ice 66. Du et al. examined the impact of one type of fish AFP on the formation of ice and 

proposed that the tested AFP could inhibit the ice nucleation by adsorbing onto the surfaces of ice 

nuclei and dust particles 71. Kutschan et al. concluded two effects of AFPs in inhibiting the 

formation of ice, including 1) AFPs could lower the interfacial energy and 2) ice crystals formed 

faster in the presence of AFPs but became “locked” at smaller sizes. They proposed that AFPs 

couldn’t prevent the formation of ice crystals but inhibit the further growth of the initial ice nuclei 

72. It is interesting that Eickhoff et al. found the contrasting behavior of the two types AFPs they 

investigated: inhibit the growth of pre-existing ice crystals but promote the nucleation of new ice 

crystals from supercooled solution 73. Other than salts and AFPs, some polymers such as 

Poly(vinyl alcohol) was also reported to have a significant molecular weight dependent ice 

nucleation inhibition effect 74. 

 

2.6 Promoters/Inhibitors for Clathrate Hydrate 

2.6.1 Promoters for Clathrate Hydrate 

The formation of clathrate hydrate has applications in many fields such as gas separation75, 

76, energy storage77, 78, CO2 capture and sequestration79, 80, water desalination81, 82 and so on.  The 

promoters of clathrate hydrates were found to be essential in those applications where the 

formation of clathrate hydrate is desired.  

Some surfactants that could lower the liquid-gas interfacial tension and increase the mass 

transfer were studied as kinetic hydrate promoters, including anionic, cationic, and nonionic 
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surfactants 83. Fazlali et al. reported the impact of different surfactants including SDS (sodium 

dodecyl sulfate), HTABr (hexa decyl trimethyl ammonium bromide), Brij-58 (polyoxy ethylene 

cetyl ether) and their mixtures on the formation of methane hydrate 84. They found that all the 

surfactants tested in the study could reduce the induction time and increase the formation rate, and 

SDS with a concentration of 500 ppm seemed to be the best promoter among all tested surfactants 

84. Pandey et al. investigated the promotion effect of the surfactant SDS on the formation of 

methane hydrate and reported a trade-off between formation rate and gas uptake for the optimum 

SDS concentration 85. Karaaslan and Parlaktuna investigated the impact of different types of 

surfactants on the hydrate formation rate 86. They reported that the anionic surfactant with all 

concentrations could promote the formation process of hydrate, while the non-ionic surfactant was 

not as effective as anionic surfactant and the cationic surfactant is only effective as a hydrate 

promoter at low concentrations 86.  

Other than surfactants, some organic compounds (e.g., THF (tetrahydrofuran), 

cyclopentane, TBAB (Tetrabutyl ammonium bromide), etc.) were also used as promoters to 

accelerate the formation of clathrate hydrate under conditions of higher temperatures and/or lower 

pressures in some applications such as hydrogen storage and gas separation.  These organic 

compounds are known to form clathrate hydrates with water and could form a mixed hydrate with 

the guest molecule when added into the system 2. Ricaurte et al. reported a hydrate based process 

to separate CO2 gas from CO2-CH4 gas mixture by adding THF (tetrahydrofuran) into the system 

87. And they found that CO2 and/or CH4 + THF mixed hydrate formed at a higher temperature in 

the presence of THF comparing to that of pure water. Trueba et al. reported the phase equilibrium 

measurements of sII clathrate hydrate of H2 with several organic promoters including furan, 2,5-

dihydrofuran, tetrahydropyran, 1,3-dioxolane and cyclopentane 2. The results showed that the 
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mixed organic hydrates had a much higher stability compared to a pure H2  hydrate, indicating the 

organic materials acted as promoters for clathrate hydrate 2. 

 

2.6.2 Inhibitors for Clathrate Hydrate 

Since clathrate hydrate formed during deep-water well testing could result in blockage and 

lead to serious operation and safety hazards, methods to prevent and inhibit the formation of 

hydrates were studied for years. The most common method to inhibit clathrate hydrate formation 

is applying chemical inhibitors, and there are two main classes of inhibitors including 

Thermodynamic Hydrate Inhibitors (THI) and Low Dosage Hydrate Inhibitors (LDHIs) 88. And 

LDHIs could further divide into Kinetic Hydrate Inhibitors (KHIs) and Anti-agglomerates (AAs) 

88.  

The role of THIs is to interfere with the hydrogen bonding of water molecules and 

consequently shift the hydrate phase boundary to a lower temperature and higher pressure 

condition 89. Alcohols such as methanol and glycol are commonly used as THIs in oil and gas 

industry to inhibit the formation of clathrate hydrate. However, the dosage of the THIs used in the 

deep temperature conditions was 40 wt.% to ensure the effective inhibition, which consequently 

increase the cost 90. In addition, the volatility of the THIs could cause environmental problems and 

also leads to additional costs for hydrocarbon refinery and chemical losses 90, 91. Other than 

alcohols, electrolytes (e.g., sodium chloride, calcium chloride, potassium carbonate, etc.) are also 

known to be thermodynamic inhibitors for the formation of clathrate hydrate 89.  

Compared to THIs, KHIs are more environmental-friendly and promising at a low dosage 

92. KHIs are mainly polymers or copolymers such as PVP (polyvinylpyrrolidone), PVCap 

(poly(vinyl caprolactam)), N-vinylcaprolactam, etc., and it is reported that the effective KHIs 
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always have amide groups and hydrophobic parts 42. Ivall et al. investigated the effects of PVP on 

the formation of methane hydrate 93. And they reported that PVP could adsorb onto the hydrate 

surface which further inhibit the formation of hydrate. Yang et al. investigated the inhibition 

impact of a copolymer on the formation of methane-propane hydrate with different concentrations 

and within a supercooling range from 5 to 20 °C 92. They reported a “concentration effect” concept 

and proposed two internal mechanisms including the “weakened adsorption” hypothesis and the 

“competition” hypothesis 92.  

Other than the materials mentioned above, some biologically organic compounds such as 

amino acids and antifreeze proteins were also found to be effective in inhibiting the crystallization 

of clathrate hydrate 94-96. Different from THIs and KHIs, AAs allow hydrate to form but prevent it 

from further growth 42.  
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Abstract 

Ice nucleation is important in global climate change and could also have implications to 

nucleation of more complex systems like clathrate hydrates. A new setup for experimental 

investigations of nucleation of ice that uses linear cooling ramps is described. The nucleation rates 

of ice in (1) microliter–sized quasi–free water droplets suspended at an interface between an inert 

fluorocarbon oil, perfluoromethyldecalin, and an inert hydrocarbon oil, squalane, and (2) 

microliter–sized quasi–free water droplets supported by stable wetting films of squalane, were 

determined from the procedure that was previously developed for clathrate hydrates. The impact 

of the number of the data points and the experimental cooling rate was investigated in detail. The 

nucleation curve of a given system was found to remain largely unchanged with the addition of 

data after about the first 100 data points. Additional 300 to 400 data points confirmed such 

convergence. The results also showed that the nucleation rate increased with the system 

supercooling, as expected, and the whole nucleation curve shifted somewhat downward with the 

use of a slower cooling rate. The nucleation rates of ice in the water droplets supported by stable 

wetting films of squalane were broadly similar to but slightly greater than those suspended between 

two immiscible liquids. We then compared our data to the nucleation rate of ice reported in the 

literature, which showed broad agreements when the differences in the scales were accounted for. 

The experimental method described was found to be reliable and the setup provides a basis for 

future studies on ice nucleation that may involve nucleation promoters, inhibitors or more complex 

entities.  
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3.1 Introduction 

Ice formation has great impacts on the properties of clouds, which affects the global climate 

substantially [1]. It also strongly affects the water on engineered and structured surfaces such as 

aircraft wings [2-4], airfoils [5], bridge cables [6] and wind turbines [7], which could result in 

dangerous equipment failures or even losses if not controlled properly. In the process of ice 

formation, nucleation is the initial step that precedes the growth of ice crystals [8]. We wish to 

promote nucleation when the formation of ice is desirable and inhibit nucleation when the 

formation of ice is undesirable. The study of ice nucleation not only contributes to the global 

climate, aerospace and aerodynamic science, but also has potential applications in petroleum 

engineering [9], mineralogy [10], biology [11], and others. In oil and gas area, nucleation of ice 

could lay a baseline for the study of nucleation of gas hydrate, which is a multi-component process 

[12].  

Ice nucleation in pure water was studied by experimental [1] and modelling [13] methods 

for decades. There were several experimental methods for studying the immersion mode of ice 

nucleation, which includes suspending of water droplets in a gas, supporting sessile water droplets 

on hydrophobic surfaces, and suspending water droplets in an oil or between two mutually 

immiscible oil layers [1]. The size of the water droplets that has been investigated ranged from 

sub-micrometers to millimeters. Some researchers studied the ice nucleation in water droplets 

suspended in a gas using continuous–flow thermal gradient diffusion chambers [14, 15], cloud 

chambers [16], Zurich ice nucleation chamber [17], laminar flow diffusion chambers [18, 19] and 

other techniques. Most of these techniques used aerosol particles or cloud–sized droplets as 



 37 

research objects, and the ice nucleation potency was quantified as a function of the relative 

humidity and temperature [20].  

Other than the techniques mentioned above, water droplets immobilised on a hydrophobic 

surface or suspended in an oil were also commonly used for studying ice nucleation. For example, 

Whale et al. [20] investigated ice nucleation in 1 µL water droplets supported on a hydrophobic 

surface. Tobo [21] reported a few modifications to cold–stage–based freezing experiments of 

millimeter–sized water droplets. Here the droplets were deposited onto the aluminum plate coated 

with a thin Vaseline layer and cooled in a clean booth. Zhang et al. [22] measured the nucleation 

temperatures of sessile water droplets on a cold horizontal plate and calculated the nucleation rate 

using classical nucleation theory. However, there were concerns like water droplet evaporation, 

droplet contamination by airborne particles, and the influence of neighbouring freezing droplets 

by frost growth when measuring in an open experimental droplet system [23]. Compared to the 

experiments that use water droplets in air, the methods of suspending water droplets into one or 

two layers of immiscible oils [24, 25] could largely minimize the effect of contacting with the 

container wall and foreign particles.  

Although ice nucleation has been studied for decades, many questions still remain [26]. 

Here, we set up a system that can be used for future investigations of ice nucleation. We determined 

the nucleation rate of ice in (1) microliter–sized quasi–free water droplets suspended at an interface 

between an inert fluorocarbon oil, perfluoromethyldecalin, and an inert hydrocarbon oil, squalane, 

and (2) microliter–sized quasi–free water droplets supported by stable wetting films of squalane. 

The millimeter-sized water droplets were used for the study because the large–sized water droplets 

have bigger surface area per droplet, which is beneficial for determining the nucleation potencies 

over a broad temperature range [20]. The main purpose of the current study is to establish a new 
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experimental setup, calibrate it and assess its reliability. The setup described here could provide a 

reference point for some of the future studies on ice nucleation. For now, there is no a-priori 

standard for a baseline to which the effects of additives can be compared. It is also difficult to 

choose a reliable nucleator that can nucleate ice with certainty since many potential impacts of 

sample variations such as purity, grain size and aging [27] should be considered. After the baseline 

is set, we may investigate the effects of thermal history, nucleation promoters, nucleation inhibitors 

or solid walls in future studies.  

 

3.2 Materials and Methods 

3.2.1 The Experimental Setup  

The experimental setup (shown in Figure 3.1) consisted of a custom-made cuboid sample 

cell, a refrigerated circulator (FPW50-HE, Julabo Company, capable of cooling down to 223 K), 

an aluminum lab jack (Fisher Scientific Company), two webcams (Model C922 and C270, 

Logitech), and a computer (DELL). The sample cell was either made of Poly (methyl methacrylate) 

(PMMA) or Polytetrafluoroethylene (Teflon). The dimensions of both the PMMA and the Teflon 

sample cells were 63 mm in the length, 63 mm in the width and 15 mm in its height. Each of them 

had 36 vertical holes and the dimensions of each hole were 5 mm in the inner diameter and 10 mm 

in the depth. Ethanol (95% purity) was chosen as the coolant and a lab jack was placed inside of 

the refrigerated circulator. For PMMA sample cell (shown in Figure 3.1 (a)), it was placed into a 

slightly larger metal container because the PMMA sample cell could react with the ethanol when 

in direct contact, and squalane (95% purity, purchased from Sigma-Aldrich and used as received) 

was added into the gap between the sample cell and the metal container to improve thermal 

conduction. Then a glass cover was placed on the metal container to prevent the ethanol from 
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going inside. A chemically inert vacuum grease (Dow Corning, High vacuum grease) was applied 

between the glass cover and the metal container. Then the metal container with the sample cell 

inside was placed on the lab jack and its height was adjusted so that the bottom half of the metal 

container was submerged in the coolant. For Teflon sample cell (shown in Figure 3.1 (b)), it is 

directly placed on the lab jack and its height was adjusted so that the bottom half of the Teflon 

sample cell was submerged in direct contact with the coolant. After that, another large glass cover 

was placed on the top of the refrigerated circulator bath to prevent the evaporation of the coolant. 

The webcam C922 and webcam C270 were supported by two laboratory stands and controlled by 

software on the PC to record the image of the sample cell from above and the digital thermometer 

reading shown on the panel of the refrigerated circulator, respectively.  

 

Figure 3.1. Schematic illustration of experimental setup with PMMA sample cell (a) and Teflon 

sample cell (b). For PMMA sample cell, it was placed into a slightly larger metal container 

because it would react with ethanol. For the Teflon sample cell, it was directly placed on the lab 

jack, contacted with ethanol. 
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3.2.2 Calibration of the Setup 

Presence of a thermometer in contact with a sample will most likely impact the 

heterogeneous nucleation rate of ice. We therefore avoid direct contacts of a thermometer to any 

part of our samples. Because there usually is a differential between the real temperature of the 

sample and the temperature measured by a digital thermometer, we carried out a series of 

temperature calibrations. For the calibration using the PMMA sample cell, about 120 µL of 

squalane was placed into each hole of the PMMA sample cell using a syringe (Hamilton Company) 

and a thermometer (BIOS, Model#119) was inserted into a hole of the PMMA sample cell to record 

the temperature inside the hole, both at a fixed temperature of our selection and during linear 

cooling ramps. A similar procedure was used for the calibration of the Teflon sample cell. The 

cooling rates used for the temperature calibration during liner cooling ramps were the same as 

those used in the real experiments of 0.003 K/s, 0.001 K/s and 0.0003 K/s. The procedure was then 

repeated for different holes of either PMMA or Teflon sample cell and calibration tables were 

constructed which will be used to account for (1) potential temperature variation among the 36 

holes and (2) potential thermal lags between the temperature of the samples in all holes and that 

of the reference point at which the experimental temperature was measured.  

 

3.2.3 Cleaning Procedure 

The PMMA sample cell was cleaned by Milli-Q water (ultra-pure water of 18.2 MΩ 

resistivity from a Millipore unit) and dried before use. The Teflon sample cell was cleaned by 

ethanol and dried before use. In order to avoid cross contamination, we only used a single 

designated syringe and a vial for each liquid (e.g., perfluoromethyldecalin, squalane, water). The 
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glassware was cleaned by sodium hydroxide solution, rinsed with large quantities of Milli-Q water 

and dried before use.  

It is noted that the cartridge of the Milli-Q water equipment was regularly changed (every 

6 months). In addition, we routinely checked the cleanliness of the water by shaking the glassware 

with water in it to make sure that bubbles burst immediately and no water droplets form on the 

glass walls (i.e., complete wetting).  

 

3.2.4 Samples 

Our measurements of ice nucleation rates were carried out using quasi-free water droplets 

supported by stable wetting films of squalane for the PMMA cell (shown in Figure 3.2 (a)) or 

suspended at an interface between perfluoromethyldecalin and squalane for the Teflon cell (shown 

in Figure 3.2 (b)). The setting is very similar to the one used for the investigations of nucleation 

rates of natural gas hydrates in quasi-free water droplets suspended in squalane [28]. Squalane is 

chemically inert, involatile, non-toxic and remain liquid down to at least 235 K. It also has a higher 

refractive index than that of water which is important in rendering the van der Waals forces of the 

squalane film between water and PMMA repulsive [28]. For the PMMA sample cell, about 80 µL 

of squalane was placed into the bottom of each hole by a designated syringe, then a small amount 

of Milli-Q water (60 mg) was added onto the squalane. Although squalane is less dense than water, 

and hence the water droplet sank to the bottom of the squalane, a thick and stable squalane film 

was expected to separate the water droplet from the PMMA wall due to the repulsive van der 

Waals forces [29, 30] (shown in Figure 3.2 (a)). For the Teflon sample cell, about 50 µL of 

squalane and about 50 µL of perfluoromethyldecalin were placed into each hole by designated 

syringes, then a small amount of Milli-Q water (60 mg) was added into the liquids. 
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Perfluoromethyldecalin is chemically inert, involatile, non-toxic and remain liquid down to 203 K. 

Because the perfluoromethyldecalin is denser than water and the squalane is less dense than water, 

the water droplet was trapped between the two liquids (Figure 3.2 (b)). Although the shape of the 

water droplet was non-spherical, we assumed that all the water droplets had the same spherical 

shape of about 4.86 mm in diameter and the corresponding surface area of about 74 mm2. It is 

noted that this approximation is equivalent to ignoring the effect of gravity, and that the real surface 

area of a given water droplet would have been somewhat larger than 74 mm2. However, given the 

typically large variations in nucleation rates, we consider such a factor to be insignificant. Then, 

the sample cell was sealed using a glass lid (66mm × 66mm) with the vacuum grease.  

 

Figure 3.2. Schematic illustration of sample water droplets in PMMA and Teflon sample cell: 

quasi-free water droplet supported by stable wetting films of squalane (a), quasi-free water 

droplet suspended between two immiscible liquids (b). 

 

3.2.5 Experimental Runs 

A linear cooling ramp gradually increases the system supercooling (the driving force for 

nucleation) until nucleation is induced. A linear cooling ramp measurement thus takes a shorter 

time before the nucleation event occurs compared to an induction time measurement at a constant 

temperature [31]. Therefore, we use the linear cooling ramp method here for the experimental runs 

of ice formation. The cooling rates used in this study were 0.003 K/s, 0.001 K/s and 0.0003 K/s. 
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Before each cooling ramp, the sample cell was rapidly cooled from room temperature (about 20 °C) 

to 5 °C and held at that temperature for 15 min. The sample cell was then cooled linearly (at a 

constant cooling rate) from 5 °C to – 40 °C. At the end of each cooling ramp, the sample cell was 

warmed back to the room temperature again.  

Typical photos of the top view of the Teflon sample cell with sample water droplets 

suspended between two immiscible liquids at different stages of a cooling ramp are shown in 

Figure 3.3. For each cooling ramp, all the water droplets were transparent and unfrozen at room 

temperature (Figure 3.3 (a)). With cooling, some supercooled water droplets first expanded 

quickly and then gradually became opaque, which indicated freezing of the droplets (Figure 3.3 

(b)). The lag between the initial expansion and the subsequent change in the opaqueness was less 

than 2 minutes. Eventually, all the sample water droplets froze (Figure 3.3 (c)) by the end of the 

experimental cooling ramp. The two webcams recorded the image of the top view of the sample 

cell and the temperature reading shown on the panel of the refrigerated circulator every 1 minute 

during the cooling ramp. The freezing temperature (Tf) of each droplet was obtained after 

correcting for the temperature differential obtained from the calibration table. The chronological 

array of Tf is the raw data of the experiments. We can then derive a survival curve and a nucleation 

curve from the experimental data, following the protocol we will describe in detail in the next 

section.  
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 Frozen droplets (became opaque) 

  

 

Figure 3.3. Photos of Teflon sample cell with water droplets suspended between two immiscible 

liquids at different stages during the cooling process. During each cooling ramp, all the water 

droplets were unfrozen at the beginning (a), after which more and more droplets became frozen 

(b) and all the water droplets were frozen at the end (c). All the photos were captured by webcam 

C922. 

 

(a) (b)
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Since we recorded the images at an interval of 1 min, the corresponding uncertainties in 

the detection of the system supercoolings were 0.18 K, 0.06 K and 0.018 K, for the experimental 

cooling rates of 0.003 K/s, 0.001 K/s and 0.0003 K/s, respectively. We note that the computer disk 

space would overflow quickly if a higher frequency (e.g., 1 s) was used. Here, the recording of an 

image every minute is deemed to be sufficient given all the other sources of error. As expected, 

the systematic error increases with the cooling rate. Any thermal lag that could arise from the use 

of a linear cooling ramp is also expected to worsen with the cooling rate. Thus, an advantage of 

using a slow cooling rate is to reduce the potential errors in the measured supercooling values. In 

addition, a sample spends more time, and hence has more chance of nucleation, in a given 

temperature range. A disadvantage is that the use of a slow cooling rate renders each measurement 

more time-consuming.  

The volume expansion due to freezing was instantaneous (the volume expansion completed 

in a shorter time than the time resolution of the setup) and hence was an ideal signal of freezing. 

However, in rare occasions the volume expansion was hard to detect due to poor optics, and in 

such cases we chose the moment at which the droplets became opaque as the frozen time and the 

corresponding supercooling was calculated from the temperature at which the droplet became 

opaque. The delay between the volume expansion and the change in the transparency of a water 

droplet was less than 2 minutes from a sequence for which a clear volume expansion was recorded, 

which corresponded to the maximum errors of up to 0.36 K, 0.12 K and 0.036 K for the use of 

0.003 K/s, 0.001 K/s and 0.0003 K/s cooling rates, respectively. It is noted that we used visual 

inspections of the images to detect freezing, as the volume expansion upon freezing was sudden 

and unmistakable. 
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3.3 Results 

3.3.1 Derivation of Nucleation Curves 

A nucleation curve relates the nucleation rate of a system to the driving force for nucleation. 

We first outline a systematic procedure of determining a nucleation curve over the entire 

experimentally accessible range of supercooling that has previously been developed for nucleation 

of gas hydrates [32, 33]. The same procedure can be applied to nucleation of ice. The starting point 

of the procedure is construction of a survival curve, also known as a survival probability 

distribution. A survival curve is defined as the survival probability, F, as a function of the driving 

force for nucleation. The survival probability is the complement of cumulative nucleation 

probability (1 – cumulative nucleation probability), and an experimentally convenient measure of 

the driving force is system supercooling [32]. In practice, the survival probability at time t is the 

probability that ice is absent until time t in the water droplet of interest. 

We deduced the “true” sample temperature, Tsample, by applying the calibration table to the 

detected system temperature at the time of freezing of each sample droplet, which is Tdetected. Then 

corresponding “true” supercooling is;  

 
DT º 273.15-T

sample
 Eq. 3.1 

For each individual survival curve, all “true” supercoolings (ΔT) corresponding to each 

experimental water droplet are arranged in an ascending order. After that, the survival probability, 

F, was calculated from the number of surviving water droplets at a given temperature divided by 

the total number of water droplets and plotted as a function of “true” supercooling. 

The second step of the nucleation curve derivation is calculating the natural logarithm of 

the survival probability, lnF, with respect to lag time, t. Since linear cooling ramps were used in 

this study, the shape of the curve of lnF(t) is the same as that of the curve of lnF(∆T) as a function 
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of “true” supercooling ΔT, except that the x–axis is re-scaled by the experimental cooling rate. The 

lag time can be calculated from the “true” supercooling ΔT divided by the nominal cooling rate 

αnominal. The nominal lag time, t, calculated this way was shorter than the actual recorded lag time 

(ttrue) of the freezing event, which was the numerical difference in time from when the system 

passed 273.15 K to when the freezing of a sample droplet was detected. The application of the 

temperature calibration table to the detected temperature rendered the “true” sample temperature 

slightly higher than the nominal temperature and the temperature gap between the nominal and the 

real temperatures gradually increased with the supercooling, as expected. The difference in the 

actual recorded lag time and the nominal lag time was found to be 960 sec in the worst case (at the 

largest supercooling) for the experimental cooling rate of 0.001 K/s, which corresponded to an 

error in the supercooling of 0.96 K.  

Strictly speaking, the actual recorded lag time should be considered as the “true” lag time 

because the “true” cooling rate would be somewhat slower than the nominal experimental cooling 

rate due to the thermal lag of the sample. To investigate how the derivation of the nucleation curve 

may be impacted by the errors in the lag times and the temperature calibration, we reanalyzed the 

data of quasi-free water droplets supported by stable wetting films of squalane with the cooling 

rate of 0.001 K/s. For this reanalysis, we compared the nucleation curve (nucleation rate per unit 

area) that used (1) the nominal (un–calibrated) temperature and the nominal (un–calibrated) lag 

time (the supercooling was calculated by subtracting the nominal temperature from 273.15 K and 

the corresponding nominal lag time was calculated from the calculated supercooling divided by 

the nominal cooling rate), (2) the calibrated temperature and the corresponding nominal (un–

calibrated) lag time, which was calculated from the calibrated supercooling divided by the nominal 

cooling rate, and (3) the calibrated temperature and “true” (recorded) lag time. The comparison is 
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shown in Figure 3.4. As can be seen, the temperature calibration is important in that the use of 

un–calibrated temperature causes large systematic errors. In contrast, the use of nominal lag times 

in the place of calibrated lag time causes only negligible errors as long as the calibrated 

temperatures are used for the calculation of the nominal lag times.  

 

 

Figure 3.4. Nucleation curve (nucleation rate per unit surface area) of ice formation on water 

droplets supported by stable wetting films of squalane with a cooling rate of 0.001 K/s and the 

reanalyzed curves. The nucleation curve derived from calibrated temperature and nominal (un-

calibrated) lag time was the same as the nucleation curve at 0.001 K/s cooling rate shown in Fig. 

11. The curve derived from the nominal (un-calibrated) temperature and nominal (un-calibrated) 

lag time was shown by the orange triangle mark. The curve derived from the calibrated 

temperature and true (recorded) lag time was shown by green square mark. All the data were 

measured under atmospheric pressure. 

 

After fitting a curve to lnF(t) and analytically differentiating the fitted curve with respect 

to t (nominal lag time), the negative of the local slope at each t was obtained. We note that several 
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choices are possible for the functional form of such fitted curves. Here we used exponential 

functions of the form A·exp(Bt) + C for the fitting. Use of simple power laws resulted in similar 

nucleation curves and the difference in the nucleation rates between them was at most by a factor 

of 4 over the entire range of supercooling. The choice of a functional form for the fitting thus has 

a minor impact on the values of the nucleation rates over the range of supercooling for which the 

data exist, however, such choice could make a substantial difference if the nucleation curve were 

to be extrapolated beyond the range of existing data. Finally, the most probable nucleation rate at 

a given supercooling can be obtained by correcting each local slope by a factor of ln2 [32, 33]. 

Since we used the local slope of lnF(t) with respect to time for the calculation of the nucleation 

rate, and the local slope (derivative) is expected to be insensitive to the largely constant (only 

gradually increasing) temperature shift due to the application of the calibration table, we expect 

the error that arises from not knowing the “true” cooling rate or what the “true” lag time of the 

sample is small [34].  

Thus obtained experimental nucleation rate of a given system depends on the system size, 

so it has to be normalized by using an appropriate measure of the system size for which the number 

of potential nucleation sites is expected to be proportional. Here we show both nucleation rate per 

unit area (1 m2) and nucleation rate per unit volume (1 m3) of our water droplets. The former 

corresponds to the case that the nucleation in our droplets was due to heterogeneous nucleation 

and the latter corresponds to the case that the nucleation in our droplets was due to homogeneous 

nucleation. We first show each type of these data measured in water droplets supported by stable 

wetting films of squalane in six batches of 100 points each that are in the chronological order. 

Figure 3.5 shows each of the six individual survival curves that have 100 data points. The survival 

curves of ice formation were concentrated at the supercooling range of 12 to 22 K. The 
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corresponding lnF of these survival curves are shown in Figure 3.6. Finally, the nucleation curves 

are shown in Figure 3.7 and Figure 3.8. Figure 3.5-Figure 3.8 were all for the data measured in 

quasi-free droplets supported by stable wetting films of squalane in the PMMA sample cell. 

In the current study, we didn’t determine the error bars in the measured nucleation curves. 

We note that Murray et al. [35] compartmentalized their data to small increments of time Δt over 

which changes in the temperature are small, and calculated the standard deviation (error bars) 

based on the several cooling ramp experiments that were contained within each compartment. 

However, the physical meaning of such error bars is not clear. Not only the size of the error bars 

would depend on the choice of the size of each compartment, induction time distributions (which 

are the inverse of the nucleation rates) at a constant temperature are known to be very broad to an 

extent that cannot be practically measured because an arbitrary cut-off maximum waiting time will 

typically have to be introduced [32, 34, 36]. How the statistical errors (standard deviations for 

which a Gaussian distribution is often implicitly assumed) in the nucleation rates obtained from 

an ensemble of cooling ramp experiments of a selected cooling rate is related to the scatter 

(standard deviation) of the nucleation rates obtained from the inverse of the induction times at a 

constant temperature is beyond the scope of this work. Nevertheless, we show our data in Figures 

5 through 8 as groups of 100 data points which provide some idea about the variability in our data. 

We note that, philosophically, one should not expect to obtain error bars for nucleation data as a 

conventional measure of the size of the random errors because it is experimentally impossible to 

“repeat” or “reproduce” a nucleation event, in a deterministic sense [26].  
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Figure 3.5. The survival curves of ice formation on water droplets supported by stable wetting 

films of squalane. Different types of markers correspond to different individual groups of data 

points. All the survival curves were measured at room pressure and using the same cooling rate 

of 0.003 K/s. 

 

 

Figure 3.6. Natural logarithm of the survival curves (lnF vs ∆T) of ice formation on water 

droplets supported by stable wetting films of squalane. Different types of marker were 

corresponding to different individual groups of data points. All data were measured at room 

pressure and using the same cooling rate of 0.003 K/s. 
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Figure 3.7. Nucleation curves (nucleation rate per unit volume (a) and nucleation rate per unit 

surface area (b)) of ice formation on water droplets supported by stable wetting films of squalane 

at room pressure and using 0.003 K/s as cooling rate. Different types of marker were 

corresponding to different individual groups of data points. 
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Figure 3.8. Nucleation curves (nucleation rate per unit volume (a) and nucleation rate per unit 

surface area (b)) of ice formation on water droplets supported by stable wetting films of squalane 

at room pressure and using 0.003 K/s as cooling rate. Different types of marker were 

corresponding to different accumulative groups of data points. 
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3.3.2 Number of Data Points Dependence 

One of the primary concerns in the systematic and simultaneous derivation of the entire 

nucleation curve is: how many data points are sufficient for a reliable derivation? This is one of 

the most fundamental questions when using linear cooling ramps for the measurement of 

nucleation curves [33]. In order to study the effect of the number of data points on the nucleation 

rates of ice, we took two different ways to analyze the 600 data points measured in quasi-free 

droplet supported by stable wetting films of squalane (in the PMMA sample cell). The first is to 

analyze each individual group of the 100 data points (the first 100 points, the second 100 points, 

the third 100 points, etc.). The result is shown in Figure 3.7. The other one is to analyze the 

cumulative groups of the data points (the first 100 points, the first 200 points, the first 300 points, 

etc.). The result is shown in Figure 3.8.  

Both Figure 3.7 and Figure 3.8 show that the nucleation curve hardly changed with the 

accumulation of data after the first 100 data points. Still, at least 300 or 400 data points are required 

to confirm such convergence. We thus conclude that 300 or 400 data points are probably sufficient 

for a reliable derivation of a nucleation curve of ice in water droplets. This finding is somewhat 

similar to the conversion of the nucleation curves of methane hydrate that required accumulation 

of 400 data points [33].  

 

3.3.3 Cooling Rate Dependence 

Other than the number of data points dependence, another fundamental question related to 

the linear cooling ramp method is how slow the linear cooling rate needs to be for a reliable 

derivation of the nucleation curve [33]. In order to study the effect of the cooling rate on the 

nucleation rate of ice, we repeated the cooling ramps using three different cooling rates over one 
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order of magnitude of 0.001 K/s, 0.003 K/s and 0.0003 K/s. Here, we used the data measured using 

quasi-free water droplets supported by stable wetting films of squalane to study the cooling rate 

dependence. For each cooling rate, 600 data points were collected for the determination of the 

nucleation curves. The survival curves of ice formation at various cooling rates are shown in 

Figure 3.9, and the natural logarithm of the survival probability for these three cooling rates are 

shown in Figure 3.10. The survival curves of ice formation were found to be concentrated at the 

supercooling range of 12.7 to 21.2 K, 11.4 to 21.6 K and 11 to 20 K for the cooling rates of 0.003 

K/s, 0.001 K/s and 0.0003 K/s, respectively. The water droplets seemed to freeze at a higher 

temperature (lower supercooling) with the use of a slower cooling rate, as expected, because each 

sample spent more time and hence would have had more chance of nucleation at higher 

temperatures. The local slope of lnF at the same supercooling became somewhat less steep as the 

cooling rate slowed, as shown in Figure 3.10, which resulted in somewhat lower nucleation rates 

as the cooling rate became slower, as shown in Figure 3.11.  
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Figure 3.9. The survival curves of ice formation on water droplets supported by stable wetting 

films of squalane at various cooling rates. The blue circle, orange triangle and grey square 

corresponds to data points at cooling rates of 0.003 K/s, 0.001 K/s and 0.0003 K/s, respectively. 

All the data were measured at room pressure. 

 

 

Figure 3.10. Natural logarithm of survival curves (lnF vs ∆T) of ice formation on water droplets 

supported by stable wetting films of squalane at various cooling rates. The blue circle, orange 

triangle and grey square corresponds to data points at cooling rates of 0.003 K/s, 0.001 K/s and 

0.0003 K/s, respectively. All the data were measured at room pressure. 
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Figure 3.11. Nucleation curves (nucleation rate per unit volume (a) and nucleation rate per unit 

surface area (b)) of ice formation on water droplets supported by stable wetting films of squalane 

at room pressure using various cooling rates. The blue circle, orange triangle and grey square 

corresponds to data points at cooling rates of 0.003 K/s, 0.001 K/s and 0.0003 K/s, respectively. 
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This trend that the nucleation rate decreased as the experimental cooling rate slowed was 

observed before for nucleation of clathrate hydrates and remains one of the unresolved issues of 

the linear cooling ramp method [28, 33]. Because the nucleus could only be detected after it grows 

to an experimentally detectable size, the true ∆T at which the nucleation happened must be earlier 

in time and hence at a ∆T that is somewhat smaller than the experimental ∆T. This means that the 

real nucleation rate should be lower than the experimental nucleation rate at a given ∆T [31].   

At the time of this writing, the most plausible explanation is that each experimentally 

determined nucleation curve by the linear cooling ramp method may be interpreted to represent 

the upper bound of the “true” nucleation rate at each system supercooling [31]. In short, the “true” 

nucleation rate is likely lower but cannot be higher than the experimentally determined nucleation 

curve that uses linear cooling ramps. Then we may have a way of explaining the observed trend 

because the gap between the experimentally determined nucleation curve and the “true” (alberit 

unknown) nucleation curve would progressively narrow as the experimentally determined 

nucleation curve progressively shifts downward as the slower cooling rate is used [31]. An 

experimentally determined nucleation curve would then eventually asymptotically approach and 

match the “true” nucleation curve when an infinitesimal cooling rate is used. We note that the 

difference referred to above (that arises from the use of different experimental cooling rate) is 

small in the context of nucleation rate and is well within the much larger scatter of a typical 

induction time distribution at a constant temperature [32].  
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3.3.4 Comparison Between the Quasi-Free Water Droplets Suspended Between Two 

Immiscible Liquids and Those that are Supported by Stable Wetting Films of 

Squalane 

As mentioned above, for now there is no a-priori standard for a baseline to which the effects 

of additives can be compared. In this study, we compared the ice nucleation rates measured in 

quasi-free water droplets supported by stable wetting films of squalane and suspended at an 

interface between perfluoromethyldecalin and squalane. 

The nucleation curves, both normalized to unit volume and normalized to unit surface area, 

were shown in Figure 3.12. For the water droplets supported by stable wetting films of squalane, 

600 data points were collected for the determination of the nucleation curve with each cooling rate. 

For the water droplets suspended between the two immiscible liquids, about 500 data points were 

collected for the determination of the nucleation curve with cooling rate 0.003 K/s and 0.001 K/s, 

and about 400 data points were collected for the determination of the nucleation curve with cooling 

rate 0.0003 K/s. 
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(a) 

 

(b) 

Figure 3.12. Nucleation curves (nucleation rate per unit volume (a) and per unit surface area (b)) 

measured in quasi-free water droplets supported by stable wetting films of squalane and water 

droplets suspended at the interface of between perfluoromethyldecalin, with three different 

cooling rates. When using the same cooling rate, the nucleation curve measured in droplets 

suspended between two liquids could reach a deeper supercooling than that measured in droplets 

supported by stable wetting films of squalane, and the nucleation rate measured in droplet 

suspended between two liquids was lower than that measured in droplet supported by stable 

wetting films of squalane at the same supercooling. 
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As shown in Figure 3.12, the nucleation curves measured in the water droplets supported 

by stable wetting films of squalane were concentrated in the supercooling range of 12.7 to 21.2 K, 

11.4 to 21.6 K and 11 to 20 K for the cooling rates of 0.003 K/s, 0.001 K/s and 0.0003 K/s, 

respectively. For the water droplets suspended between the two immiscible liquids, the nucleation 

curves were concentrated in the supercooling range of 16.2 to 27.1 K, 13.8 to 23.3 K and 10.2 to 

23.4 K for the cooling rates of 0.003 K/s, 0.001 K/s and 0.0003 K/s, respectively. When using the 

same cooling rate, the nucleation curve measured in the water droplets suspended between two 

immiscible liquids (perfluoromethyldecalin and squalane) appeared to reach somewhat deeper 

supercoolings (lower temperatures) than those supported by stable wetting films of squalane. And 

for cooling rates of 0.003 K/s and 0.001 K/s, the supercooling range in the water droplets 

suspended between the two immiscible liquids were also somewhat larger. In addition, the 

nucleation rates in the water droplets suspended between two liquids were somewhat lower than 

those supported by stable wetting films of squalane at the same supercooling. However, the 

difference in the nucleation rates was generally less than 1 and at most 2 orders of magnitude. 

Even though the van der Waals forces in the stable wetting films of squalane between water and 

PMMA are expected to be repulsive (the disjoining pressure should be positive), the water droplets 

are nevertheless within the range of the surface forces exerted by PMMA and that may have 

influenced the nucleation rate of ice in these water droplets.  
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3.4 Discussion 

3.4.1 The Robustness of the Experimental Method  

While analyzing the experimental data measured in the water droplets supported by stable 

wetting films of squalane, we noticed that a few water droplets in particular holes froze somewhat 

earlier than the others in some of the 600 linear cooling ramps. Potential presence of impurities 

that can provide heterogeneous nucleation sites in such droplets or compartments could induce 

freezing of the water droplet earlier (at a higher temperature) than it would in the absence of such 

impurities. Thus, if such early freezing repeatedly occurred in the same hole, the nucleation data 

from that particular hole would be suspect. To investigate how the derivation of the nucleation 

curve may be impacted by the presence of such a few outlier data points, we reanalyzed the data 

measured in droplets supported by stable wetting films of squalane of the 0.001 K/s cooling rate 

after removing some droplets that nucleated early (at high temperatures).  

For this reanalysis, we reanalyzed the data by (1) removing all the data points that came 

from one water droplet in the same hole AND that corresponded to the nucleation events that were 

earlier than any other nucleation events from the other water droplets (only the data points that 

corresponded to early nucleation events were removed and the data points that corresponded to 

later freezing events were not removed even if they came from the same droplets), and (2) 

removing all the data points that came from three water droplets in the same three holes AND froze 

earlier than the water droplets that were in any other holes (only the data points that corresponded 

to early freezing events were removed and the data points that corresponded to later freezing events 

were left even though they came from the same droplets). The rationale of limiting this exercise to 

the first three water droplets is that (1) the locations of the holes in which nucleation took place 
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were totally random by then, and (2) the difference in the lag times between the successive freezing 

events was very short by then. The re-analyzed curves were shown in Figure 3.13-Figure 3.15.  

 

Figure 3.13. The survival curve of ice formation on water droplets supported by stable wetting 

films of squalane with cooling rate of 0.001 K/s and the reanalyzed curves. The survival curve at 

0.001 K/s cooling rate was the same as that in Figure 3.9. The curve derived by excluding the 

data points coming from 1 droplet in the same hole nucleated earliest was shown by blue cross 

mark. The curve derived by excluding the data points coming from 3 droplets in the same three 

holes nucleated earliest was shown in grey circle mark. All the data were measured at room 

pressure. 

 

 

Figure 3.14. Natural logarithm of survival curve (lnF vs ∆T) of ice formation on water droplets 

supported by stable wetting films of squalane with cooling rate of 0.001 K/s and the reanalyzed 
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curves. The natural logarithm of survival curve at 0.001 K/s cooling rate was the same as that in 

Figure 3.10. The curve derived by excluding the data points coming from 1 droplet in the same 

hole nucleated earliest was shown by blue cross mark. The curve derived by excluding the data 

points coming from 3 droplets in the same three holes nucleated earliest was shown by grey 

circle mark. All the data were measured at room pressure. 

 

 

Figure 3.15. Nucleation curves (nucleation rate per unit volume (a) and nucleation rate per unit 

surface area (b)) of ice formation on water droplets supported by stable wetting films of squalane 

with cooling rate of 0.001 K/s and the reanalyzed curves. The nucleation curves at 0.001 K/s 

cooling rate were the same as those in Figure 3.11. The curve derived by excluding the data 

points coming from 1 droplet in the same hole nucleated earliest was shown by blue cross mark. 
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The curve derived by excluding the data points coming from 3 droplets in the same three holes 

nucleated earliest was shown by grey circle mark. All the data were measured at room pressure. 

 

The removal of the several outlier data points led to the reduction in the denominator that 

calculated the survival probability in each case. Thus, re–calculation of the survival probability 

after such removal of the data points is expected to impact the numerical values of the survival 

probability at each supercooling temperature. However, as can be seen from Figure 3.15, although 

the removal of such outlier data points truncated the nucleation curve at the lower supercooling 

end (the higher temperature end), its impact to the numerical values of the nucleation rates turned 

out to be negligibly small. The underlying reason is that the change in the numerical values of the 

survival probability was largely insensitive to the local slope of lnF (not the absolute values of lnF) 

with respect to t and hence to the nucleation rates. Thus, an important conclusion here is that even 

though several nucleation data might have been impacted by the presence of impurities, the 

systematic derivation of the nucleation curve remains robust in that the nucleation rates at deeper 

supercoolings remain largely unaffected by the presence or absence of such potential nucleation 

events at low supercoolings. Of course, if all the droplets in every cooling ramp were uniformly 

impacted by the presence of impurities then the entire nucleation curve would be impacted, and 

this method of re-analysis would not provide any new insights.  

 

3.4.2 Normalization Constant of Nucleation Rate 

In the following subsection, we will compare our results to those of Bigg [24], Murray et 

al. [35] and Stockel et al. [37]. In order to make meaningful comparisons, the nucleation rate must 

be normalized to the unit system size based on the presumed density of the number of the potential 

nucleation sites. The two leading methods of such normalization is the system volume that 
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corresponds to homogeneous nucleation and the interfacial area that corresponds to heterogeneous 

nucleation.  

It has been known that homogeneous nucleation of water will not occur at temperatures 

higher than about – 42°C (231 K) [38]. Indeed, Fig. 10 of Ickes et al. [39] shows that no modern 

studies on homogeneous nucleation had been done accurately above temperatures of 240 K. In 

addition, the comparison of our results to the results of Stockel et al. [37] who used an acoustically 

levitated water droplets shows that it is highly unlikely that homogeneous nucleation has taken 

place in our system. These results suggest that the nucleation of ice in our system is likely 

heterogeneous and as such we should use interfacial area as the normalization constant of our 

droplets. 

Other than the possibility of minute amounts of tiny impurities that may act as potential 

heterogeneous nucleation sites, the so–called surface nucleation suggests that the appropriate 

measure of the system size should be the interfacial area, not the volume [40]. In surface nucleation, 

the number of potential nucleation sites, N0, scales with the square of the droplet radius (N0 is 

proportional to the surface area), whereas in homogeneous nucleation, the number of potential 

nucleation sites scales with the cube of the droplet radius (N0 is proportional to the system volume). 

We can envision several mechanisms that may be possible for such surface enhancements of 

nucleation rates. First, tiny impurities are expected to accumulate at the interface. This 

phenomenon is because of the virtually irreversible adsorption of nanoparticles to interfaces due 

to the typically large adsorption energies, the feature that has been extensively used for the 

stabilization of the Pickering emulsions [41]. In addition, many organic substances have been 

found to be effective ice nucleators and these substances have lower specific surface free energy 

values than those of liquid water or ice, which suggests that these substances are more likely to be 
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present on a surface of liquid water or ice than in the interior of liquid water or ice [26]. Second, 

even in the absence of such mundane issue of impurities, so-called surface nucleation suggests that 

the nucleation is more likely and becomes heterogeneous in nature because the system symmetry 

breaks at an interface [40, 42]. Third, even if the system were free of any contaminants / impurities, 

there is a possibility that squalane we used to suspend or support our water droplets could 

potentially act as an ice nucleator, given that many organic compounds have been found to be very 

effective ice nucleators [26]. We note that Bigg used water droplets trapped between two 

immiscible oil layers that were away from a solid wall and obtained similar nucleation rates to 

ours at comparable temperature ranges [24]. To this end, there’s still possibility that homogeneous 

nucleation occurred in our quasi-free water droplet suspended between two liquids if no tiny 

impurities existed and the organic compounds we used had no impact on ice nucleation. However, 

it is unclear whether so-called surface nucleation or homogeneous nucleation occurred in this study. 

In this case, we still applied both volume and surface area as the normalization constants for the 

comparison with the literature data in the following section. 

 

3.4.3 Comparison of the Nucleation Rate of Ice with the Literature Data 

It is not obvious how best we can compare our results (both measured in quasi-free water 

droplets supported by stable wetting films of squalane and those suspended at the interface 

between perfluoromethyldecalin and squalane) to the literature data [16, 24, 35, 37, 43-48]. Here 

we attempted two methods; (1) the range of supercoolings in terms of the range in the droplet 

diameter (which is shown in Figure 3.16) and (2) the range of nucleation rate in terms of the range 

of supercoolings (which is shown in Figure 3.17).  
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Figure 3.16. Comparison of the supercooling range in the literature data as a function of the 

droplet diameter. The vertical lines show the range of supercoolings for a fixed droplet size and 

the parallelogram shows the range of supercoolings over a range of droplet sizes. 

 

In Figure 3.16, the vertical lines show the range of supercoolings for a fixed droplet size 

and the parallelogram shows the range of supercoolings over a range of droplet sizes. It is noted 

that Bigg only provided the mean freezing temperature as a function of droplet diameter over the 

range of droplet diameter he studied (50 µm to 2.5 cm). He also noted that the range of the freezing 

temperature of 1 mm diameter droplets was from around -19 to -28 °C (the mean freezing 

temperature was -23.8 °C) [24]. In Figure 3.16 we assumed that the supercooling range for each 

droplet diameter in his study was (mean supercooling ± 5 K).  
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Figure 3.17. Distribution of the nucleation rate per unit volume as a function of the supercooling 

in the literature. The nucleation curves for our result are for the medium cooling rate of 0.001 

K/s shown in Figure 3.12 (a). 

 

In Figure 3.17, we compared our results (both data measured in quasi-free water droplet 

supported by stable wetting films of squalane and suspended at the interface between 

perfluoromethyldecalin and squalane) for the cooling rate of 0.001 K/s with other literature data. 

We noted that the Bigg’s data was obtained from substituting different values of supercoolings 

into the un-numbered equation that appears in the middle of the text, W/∂V∂t = 5.2 × 10-10 exp(Ts 

– 1) he derived in ref. [24] (the correlation between the freezing probability in a unit volume per 

unit time (W/∂V∂t) and the supercooling (Ts) from the experimental data that used the cooling rate 

of 0.0083 K/s). It is also noted that Bigg did not spell out the unit of the nucleation rate in his paper. 

However, he provided an equation that related the droplet diameter to the mean freezing 

temperature in another un-numbered equation (–lnV=Ts – 16.2 of ref. [24]). Substitution of the 

data points in his paper to the equation (the mean freezing temperature of a 1mm diameter droplet 
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is –23.8 °C and a 0.65mm diameter droplet is –25.1 °C) reveals that the unit volume Bigg used 

was in fact 1 cm3.  

Figure 3.16 shows that the nucleation events in large droplets occur at lower supercoolings 

(higher temperatures) as expected. A contributing factor might be that the cooling rate we used 

was substantially slower than that used in the other literature data. As a water droplet spends longer 

times they have more chances of nucleation at shallow supercoolings (high temperatures) when a 

slow cooling rate is used. A related matter is that the use of a fast cooling rate or quenching has 

been known to allow a sample to attain very large supercoolings (low temperatures). The 

underlying physical reason is simple: the sample does not have sufficient time to respond to the 

change in its environment. The viscosity of a liquid increases with cooling, so longer times are 

required for supercooled liquid molecules to rearrange themselves. Practically, this feature of the 

use of slow cooling rates is advantageous because it allows sampling of nucleation rate data over 

a wider range of supercooling.  

Figure 3.17 shows that the nucleation rates we measured using the cooling rate of 0.001 

K/s were quite similar to Bigg’s results at the comparable range of supercooling (from about 17 to 

20 K). Bigg’s results are also similar to those of the other literature data at the other end of his 

range (the high supercooling (low temperature)). We note that the nucleation rate of Bigg’s data 

in Figure 3.17 is for the average nucleation rate at each supercooling shown.  

Interestingly, in both Figure 3.16 and Figure 3.17 Bigg’s data appear to bridge the gap 

between our data and the other data in the literature that were obtained at deep supercoolings using 

smaller droplets. It is not clear at this stage as to what this connection means. We note that Figure 

3.17 used the droplet volume as the measure of the system size; i.e. (J/N0) with an assumption that 

N0 is proportional to the system volume. Below, we will see if similar conclusions can be drawn if 
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we use the surface area of the water droplet as the measure of the system size; i.e., (J/N0) with an 

assumption that N0 is proportional to the surface area for heterogeneous nucleation.  

 

 

Figure 3.18. Distribution of the nucleation rate per unit surface area as a function of the 

supercooling in the literature. The nucleation curves for our result are for the medium cooling 

rate of 0.001 K/s shown in Figure 3.12 (b). 

 

The distribution of the nucleation rate per unit surface area as a function of the supercooling 

in the literature was shown in Figure 3.18. In this figure, we simply assumed that the water droplets 

in the other literature data are spherical. For the literature which only provided a range of droplet 

diameter or several values of droplet diameters, we used the average of the droplet diameters or 

chose the droplet diameters that were used for the calculation of the nucleation rate per unit surface 

area in the relevant studies. For calculation of Bigg’s results, we assumed that the water droplets 

were spherical and 1mm in diameter. 
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Compared to Figure 3.17, both the overlapping between our data and Bigg’s data and the 

overlapping between Bigg’s data and the other data in the literature are less. Our data overlapped 

with Bigg’s data only at the highest supercoolings that corresponded to the largest nucleation rates. 

Likewise, the other data in the literature also overlapped with Bigg’s data only at the highest 

supercoolings that corresponded to the largest nucleation rates.  

What all these comparisons mean, physically, is not clear at this stage. Both Figure 3.17 

and Figure 3.18 show that the slope of our data is much smaller than the slopes of the data of small 

droplets in the literature (except for the Bigg’s). If both data sets were extrapolated, they would 

intersect around 240 K. There have been many reports about nucleation of (thermodynamically 

metastable) cubic ice when the size of the water droplets was small and the temperatures were low 

[26]. Thus we may speculate that a possibility is that our data might be for the nucleation rate of 

hexagonal ice and the data of small droplets in the literature (except for the Bigg’s) might be for 

the nucleation rate of cubic ice.  

 

3.5 Conclusions 

In this paper, we measured the nucleation curves of ice in supercooled microliter–sized 

water droplets supported by stable wetting films of squalane and water droplets suspended at the 

interface between perfluoromethyldecalin and squalane. The freezing temperatures of the water 

droplets were concentrated in the range of 251 to 262 K for droplet supported by stable wetting 

films of squalane and 246 to 263 K for droplet suspended at the interface between 

perfluoromethyldecalin and squalane, when the linear cooling rates between 0.0003 and 0.003 K/s 

were used. Both the system volume and the interfacial area were used as the normalization 

constants for the derivation of the nucleation rate of ice. For each nucleation curve, 300 to 400 
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data points should be collected for a reliable derivation and confirmation of convergence. The 

nucleation rate increased with the system supercooling, as expected, and the whole nucleation 

curve shifted downward with the decreasing cooling rate. We note that the cooling rates we used 

were slower than those in other studies. Although it has the shortcomings of consuming time, the 

use of slow cooling rates has its own advantages of allowing for the collection of the nucleation 

rate data over a wider range of system supercooling.  

The nucleation rates measured using droplets supported by stable wetting films of squalane 

and suspended between two immiscible liquids were broadly similar to each other, which indicated 

that quasi-free droplet systems might provide a baseline for the study of the ice nucleation. The 

method using droplets suspended at an interface of two immiscible liquids appeared to be slightly 

better than using droplets supported by stable wetting films of squalane. The nucleation rates thus 

obtained were similar to those of Bigg’s results in the temperature range for which the data overlap. 

Bigg’s results were similar to the other literature data at high supercooling (low temperature).  

The experimental method was shown to be robust in that the nucleation curves almost 

remained unaffected with the number of the data points beyond the first few hundreds points or by 

the removal of several outlier data points at shallow supercoolings. The setup provides the baseline 

for future measurements of the nucleation curves of ice in the presence of a range of nucleation 

promoters or inhibitors.  

 

3.6 References 

1. B. Murray, D. O'sullivan, J. Atkinson and M. Webb, Ice nucleation by particles immersed 

in supercooled cloud droplets. Chemical Society Reviews, 2012. 41(19): p. 6519-6554. 



 74 

2. F.T. Lynch and A. Khodadoust, Effects of ice accretions on aircraft aerodynamics. 

Progress in Aerospace Sciences, 2001. 37(8): p. 669-767. 

3. T. Cebeci and F. Kafyeke, Aircraft icing. Annual review of fluid mechanics, 2003. 35(1): 

p. 11-21. 

4. Y. Cao, C. Ma, Q. Zhang and J. Sheridan, Numerical simulation of ice accretions on an 

aircraft wing. Aerospace Science and Technology, 2012. 23(1): p. 296-304. 

5. S. Özgen and M. Canıbek, Ice accretion simulation on multi-element airfoils using 

extended Messinger model. Heat and Mass Transfer, 2009. 45(3): p. 305. 

6. C. Demartino, H.H. Koss, C.T. Georgakis and F. Ricciardelli, Effects of ice accretion on 

the aerodynamics of bridge cables. Journal of Wind Engineering and Industrial 

Aerodynamics, 2015. 138: p. 98-119. 

7. S. Saleh, R. Ahshan and C. Moloney, Wavelet-based signal processing method for 

detecting ice accretion on wind turbines. IEEE Transactions on Sustainable Energy, 2012. 

3(3): p. 585-597. 

8. Z. Zhang and X.-Y. Liu, Control of ice nucleation: freezing and antifreeze strategies. 

Chemical Society Reviews, 2018. 47(18): p. 7116-7139. 

9. S. Liang, K.W. Hall, A. Laaksonen, Z. Zhang and P.G. Kusalik, Characterizing key 

features in the formation of ice and gas hydrate systems. Philosophical Transactions of the 

Royal Society A, 2019. 377(2146): p. 20180167. 

10. E. Tollefsen, G. Stockmann, A. Skelton, C.-M. Mörth, C. Dupraz and E. Sturkell, Chemical 

controls on ikaite formation. Mineralogical Magazine, 2018. 82(5): p. 1119-1129. 

11. K. Kelton and A.L. Greer, Nucleation in condensed matter: applications in materials and 

biology. 2010: Elsevier. 



 75 

12. G.A. Kimmel, Y. Xu, A. Brumberg, N.G. Petrik, R.S. Smith and B.D. Kay, Homogeneous 

ice nucleation rates and crystallization kinetics in transiently-heated, supercooled water 

films from 188 K to 230 K. The Journal of Chemical Physics, 2019. 150(20): p. 204509. 

13. A. Haji-Akbari and P.G. Debenedetti, Direct calculation of ice homogeneous nucleation 

rate for a molecular model of water. Proceedings of the National Academy of Sciences, 

2015. 112(34): p. 10582-10588. 

14. D.C. Rogers, Development of a continuous flow thermal gradient diffusion chamber for ice 

nucleation studies. Atmospheric Research, 1988. 22(2): p. 149-181. 

15. D.C. Rogers, Detecting Ice Nuclei with a Continuous—Flow Diffusion Chamber-Some 

Exploratory Tests of Instrument Response. Journal of Atmospheric and Oceanic 

Technology, 1994. 11(4): p. 1042-1047. 

16. P.J. Demott and D.C. Rogers, Freezing nucleation rates of dilute solution droplets 

measured between− 30 and− 40 C in laboratory simulations of natural clouds. Journal of 

the atmospheric sciences, 1990. 47(9): p. 1056-1064. 

17. O. Stetzer, B. Baschek, F. Lüönd and U. Lohmann, The Zurich Ice Nucleation Chamber 

(ZINC)-A new instrument to investigate atmospheric ice formation. Aerosol science and 

technology, 2008. 42(1): p. 64-74. 

18. H. Lihavainen and Y. Viisanen, A laminar flow diffusion chamber for homogeneous 

nucleation studies. The Journal of Physical Chemistry B, 2001. 105(47): p. 11619-11629. 

19. D. Brus, A.-P. Hyvärinen, V. Ždímal and H. Lihavainen, Homogeneous nucleation rate 

measurements of 1-butanol in helium: A comparative study of a thermal diffusion cloud 

chamber and a laminar flow diffusion chamber. The Journal of chemical physics, 2005. 

122(21): p. 214506. 



 76 

20. T.F. Whale, B.J. Murray, D. O'sullivan, T.W. Wilson, N. Umo, K.J. Baustian, J.D. 

Atkinson, D. Workneh and G. Morris, A technique for quantifying heterogeneous ice 

nucleation in microlitre supercooled water droplets. Atmospheric Measurement 

Techniques Discussions, 2015. 8. 

21. Y. Tobo, An improved approach for measuring immersion freezing in large droplets over 

a wide temperature range. Scientific reports, 2016. 6(1): p. 1-9. 

22. X. Zhang, X. Liu, X. Wu and J. Min, Experimental investigation and statistical analysis of 

icing nucleation characteristics of sessile water droplets. Experimental Thermal and Fluid 

Science, 2018. 99: p. 26-34. 

23. E. Stopelli, F. Conen, L. Zimmermann, C. Alewell and C.E. Morris, Freezing nucleation 

apparatus puts new slant on study of biological ice nucleators in precipitation. 

Atmospheric measurement techniques, 2014. 7: p. 129-134. 

24. E.K. Bigg, The supercooling of water. Proceedings of the Physical Society. Section B, 

1953. 66(8): p. 688. 

25. D. Ning and X. Liu, Controlled ice nucleation in microsized water droplet. Applied physics 

letters, 2002. 81(3): p. 445-447. 

26. N. Maeda, Brief Overview of Ice Nucleation. molecules, 2021. 26(392). 

27. M. Polen, E. Lawlis and R.C. Sullivan, The unstable ice nucleation properties of Snomax® 

bacterial particles. Journal of Geophysical Research: Atmospheres, 2016. 121(19): p. 

11,666-11,678. 

28. N. Maeda, Nucleation curves of methane–propane mixed gas hydrates in hydrocarbon oil. 

Chemical Engineering Science, 2016. 155: p. 1-9. 

29. J.N. Israelachvili, Intermolecular and surface forces. 2011: Academic press. 



 77 

30. J. Mahanty and B.W. Ninham, Dispersion forces. Vol. 1. 1976: Academic Press. 

31. N. Maeda, Nucleation Curve of Carbon Dioxide Hydrate from a Linear Cooling Ramp 

Method. The Journal of Physical Chemistry A, 2019. 123(37): p. 7911-7919. 

32. N. Maeda, Nucleation curves of model natural gas hydrates on a quasi‐free water droplet. 

AIChE Journal, 2015. 61(8): p. 2611-2617. 

33. N. Maeda, Nucleation curves of methane hydrate from constant cooling ramp methods. 

Fuel, 2018. 223: p. 286-293. 

34. N. Maeda, Nucleation of Gas Hydrates. 2020, Springer: Cham, Switzerland. 

35. B. Murray, S. Broadley, T. Wilson, S. Bull, R. Wills, H. Christenson and E. Murray, 

Kinetics of the homogeneous freezing of water. Physical Chemistry Chemical Physics, 

2010. 12(35): p. 10380-10387. 

36. T.W. Barlow and A. Haymet, ALTA: An automated lag‐time apparatus for studying the 

nucleation of supercooled liquids. Review of scientific instruments, 1995. 66(4): p. 2996-

3007. 

37. P. Stöckel, I.M. Weidinger, H. Baumgärtel and T. Leisner, Rates of homogeneous ice 

nucleation in levitated H2O and D2O droplets. The Journal of Physical Chemistry A, 2005. 

109(11): p. 2540-2546. 

38. P.G. Debenedetti, Supercooled and glassy water. Journal of Physics: Condensed Matter, 

2003. 15(45): p. R1669. 

39. L. Ickes, A. Welti, C. Hoose and U. Lohmann, Classical nucleation theory of homogeneous 

freezing of water: thermodynamic and kinetic parameters. Physical Chemistry Chemical 

Physics, 2015. 17(8): p. 5514-5537. 



 78 

40. A. Tabazadeh, Y.S. Djikaev and H. Reiss, Surface crystallization of supercooled water in 

clouds. Proceedings of the National Academy of Sciences, 2002. 99(25): p. 15873-15878. 

41. A. Adamsom and A. Gast, Physical Chemistry of surfaces. 1997, Wiley, New York. 

42. C. Gurganus, J. Charnawskas, A. Kostinski and R. Shaw, Nucleation at the contact line 

observed on nanotextured surfaces. Physical review letters, 2014. 113(23): p. 235701. 

43. B. Krämer, O. Hübner, H. Vortisch, L. Wöste, T. Leisner, M. Schwell, E. Rühl and H. 

Baumgärtel, Homogeneous nucleation rates of supercooled water measured in single 

levitated microdroplets. The Journal of Chemical Physics, 1999. 111(14): p. 6521-6527. 

44. G. Wood and A. Walton, Homogeneous nucleation kinetics of ice from water. Journal of 

Applied Physics, 1970. 41(7): p. 3027-3036. 

45. S. Benz, K. Megahed, O. Möhler, H. Saathoff, R. Wagner and U. Schurath, T-dependent 

rate measurements of homogeneous ice nucleation in cloud droplets using a large 

atmospheric simulation chamber. Journal of Photochemistry and Photobiology A: 

Chemistry, 2005. 176(1-3): p. 208-217. 

46. P. Taborek, Nucleation in emulsified supercooled water. Physical Review B, 1985. 32(9): 

p. 5902. 

47. D. Duft and T. Leisner, Laboratory evidence for volume-dominated nucleation of ice in 

supercooled water microdroplets. 2004. 

48. C.A. Stan, G.F. Schneider, S.S. Shevkoplyas, M. Hashimoto, M. Ibanescu, B.J. Wiley and 

G.M. Whitesides, A microfluidic apparatus for the study of ice nucleation in supercooled 

water drops. Lab on a Chip, 2009. 9(16): p. 2293-2305. 

 

  



 79 

Appendix 3-A: Temperature Calibration for PMMA Sample Cell 

 

When proceeding the temperature calibration for PMMA sample cell, about 120 µL 

squalane was placed into each hole of PMMA sample cell using a syringe (Hamilton Company). 

After that, thermometers (BIOS, Model#119) were inserted into holes at different positions of the 

PMMA cell to record the temperature change inside the holes during the linear cooling ramps. The 

cooling rates were 0.003 K/s, 0.001 K/s and 0.0003 K/s, and the linear cooling ramps were 

proceeded as we described in the Section 3.2.5 Experimental Runs. It is noted that we divided the 

36 holes of PMMA sample cell into 4 categories (shown in Appendix Figure 3-A.1): 4 holes at 

the corner (shown as purple circles), 16 holes at the edge (shown as grey circles), 12 intermediate 

holes (shown as green circles), and 4 holes at the center (shown as red circles). 

 

Appendix Figure 3-A.1. Schematic figure for the PMMA sample cell. 36 holes were 

divided into four categories including 4 holes at the corner (purple), 16 holes at the edge (grey), 

12 intermediate holes (green), and 4 holes at the center (red). 

 

The temperatures inside the PMMA sample cell changing with the experimental time were 

shown in Appendix Figure 3-A.2 to Appendix Figure 3-A.4 with the cooling rates of 0.003 K/s, 

0.001 K/s and 0.0003 K/s, respectively. 
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Appendix Figure 3-A.2. The temperatures inside the different holes of PMMA sample cell 

changing with the experimental time during the linear cooling ramp. The cooling rate was 0.003 

K/s. 

 

 

Appendix Figure 3-A.3. The temperatures inside the different holes of PMMA sample 

cell changing with the experimental time during the linear cooling ramp. The cooling rate was 

0.001 K/s. 
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Appendix Figure 3-A.4. The temperatures inside the different holes of PMMA sample 

cell changing with the experimental time during the linear cooling ramp. The cooling rate was 

0.0003 K/s. 
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Appendix 3-B: Temperature Calibration for Teflon Sample Cell 

 

The procedure of temperature calibration for Teflon sample cell is the same as that for 

PMMA sample cell. The temperatures inside the Teflon sample cell changing with the 

experimental time were shown in Appendix Figure. 3-B.1 to Appendix Figure. 3-B.3 with the 

cooling rates of 0.003 K/s, 0.001 K/s and 0.0003 K/s, respectively. 

 

Appendix Figure. 3-B.1. The temperatures inside the different holes of Teflon sample cell 

changing with the experimental time during the linear cooling ramp. The cooling rate was 0.003 

K/s. 
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Appendix Figure. 3-B.2. The temperatures inside the different holes of Teflon sample cell 

changing with the experimental time during the linear cooling ramp. The cooling rate was 0.001 

K/s. 

 

 
Appendix Figure. 3-B.3. The temperatures inside the different holes of Teflon sample cell 

changing with the experimental time during the linear cooling ramp. The cooling rate was 0.0003 

K/s. 
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CHAPTER 4 NUCLEATION CURVES OF ICE IN THE PRESENCE OF NUCLEATION 

PROMOTERS 

 

A version of this chapter has been accepted for publication in Chemical Engineering 

Science. 
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Abstract 

Ice nucleation plays an important role in many fields like global environment, biology, 

food engineering and so on. It also lays foundation for further studies in the nucleation of clathrate 

hydrates and other more complex systems. Although the subject of ice nucleation has been studied 

for decades, several problems remain such as the lack of reliable heterogeneous ice nucleation 

promoters. For example, both organic and inorganic additives have been reported to be effective 

ice nucleation promoters but it remains unclear which group is more effective. In this paper, we 

employed a linear cooling ramp method to determine the nucleation rates of ice in the presence of 

a range of nucleation promoters, both organic and inorganic, and ranked their efficacy. The 

additives tested are; silver iodide (AgI), kaolinite, cellulose, cholesterol, steroid and Snomax. We 

found that the efficacy ranking among the tested additives was; Snomax ≈ AgI ≥ kaolinite > steroid > 

cholesterol ≈ celluloses ≥ Teflon wall.  
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4.1 Introduction 

Nucleation is the initial step of ice formation, which has great impacts on global climate 

[1] and the supercooled water on aircraft wings [2], bridge cables [3] and many other engineered 

and structured surfaces. In oil and gas industry, the study of ice nucleation could lay a baseline and 

help enhance the understanding of nucleation of clathrate hydrates since ice has similar structures 

and properties as clathrate hydrates [4, 5]. For example, some nucleation promoters of ice were 

also reported to be effective in promoting the nucleation of clathrate hydrates [6], and the studies 

on promoters of ice nucleation could help the understanding the mechanisms of nucleation 

promoters on the formation of hydrate. 

The nucleation promoters for ice have been studied for decades due to their application in 

cloud seeding [7], and many criteria for what make an effective nucleation promoter have been 

proposed. Pruppacher and Klett proposed several requirements for a particle to be an effective ice 

nucleus, including insolubility, size, chemical bond requirement, and crystallography [8]. 

Zachariassen and Kristiansen also pointed out that an ice nucleator has to carry functional groups 

at a proper position to be effective [9]. However, these criteria were found to be limited [1]. Silver 

iodide (AgI) was widely used as a nucleation promoter for cloud seeding, and it was studied both 

theoretically and experimentally for years [10]. However, its promotion mechanism remains 

unclear to this day [7]. AgI has traditionally been considered to be a good nucleation promoter 

since it has close lattice matching to ice [11], but ice was found to grow as discrete hexagonal 

islands instead of a uniform film on the AgI surface [7]. In addition to AgI, some clay minerals 

(e.g., kaolinite [12] and illite [1]) and soot particles [13] were also studied as potential nucleators. 

Other than inorganic substances, some insoluble organic molecules such as steroids and cholesterol 

were reported to be effective nucleation promoters [14], and Sosso et al. tried to elucidate the 
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physical origins of the nucleating activity of them [15]. Other than water-insoluble particles, 

Pummer et al. pointed out that even water-soluble macromolecules could also effectively induce 

ice nucleation when they are in the same size range as the critical ice embryos [16]. They 

investigated several fungal species (Acremonium implicatum, Isaria farinose, and Mortierella 

alpina) and proposed that their ice nucleation activity is caused by proteinaceous water-soluble 

macromolecules. In addition, bacteria [17], pollen [18], and other biological materials were also 

studied for enhancing the ice nucleation process for years. Hiranuma et al. investigated ice 

nucleation in the presence of different types of cellulose particles derived from green plants, algae 

or wood fiber and reported that some cellulose have similar efficacies in nucleating ice as some 

mineral dust samples [19]. Snomax is a commercial product that has been widely used in ski resorts 

and is made of proteins derived from a natural microbe, Pseudomonas Syringae. Polen et al. 

reported a Snomax product could nucleate ice at temperatures up to -2 °C [20].  

Although many substances were found to promote ice nucleation, several problems remain. 

One of the most important problems is that the efficacy of different nucleation promoters has not 

been quantitatively characterized. For example, people reported several substances such as 

cholesterols, bacteria and other biological materials as effective ice nucleation promotes but did 

not report how often such promotion occurred [21, 22]. Consequently, it is not clear which 

promotors are the most effective. A probabilistic approach based on a large number of 

measurements is required to deal with these issues for which the nucleation rate (defined as the 

rate or frequency with which critically sized nuclei form) is the central parameter [7, 23]. 

Nucleation rate can quantitatively characterize nucleation phenomena and rank the efficacy of a 

group of nucleation promoters. For example, if 100 out of 100 cooling trials in the presence of an 

additive result in nucleation of ice at 272 K, then this particular additive is much more effective 
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than another additive that results in nucleation of only 1 out of 100 cooling trials at the same 

temperature.  

In this study, we first established a new baseline in which water directly contacts a Teflon 

sample cell and compared the results to the two quasi-free water droplet systems we previously 

reported (water droplets supported by stable wetting films of squalane and water droplets 

suspended at an interface between two immiscible liquids) [24]. After the baseline is set, we 

investigated the efficacy of several types of nucleation promoters of ice using two cooling rates of 

0.003 K/s and 0.001 K/s. The key parameter for evaluating the efficacy of the nucleation promoters 

is the nucleation rate of ice in the presence of each of these additives. For systematic comparisons, 

we compared the nucleation rate of ice in the presence of different additives at the same driving 

force (supercooling).  

 

4.2 Materials and Methods 

The details of the experimental setup, preparations of quasi-free water droplet samples, 

experimental ramps and data analysis are described in our earlier publication [24]. Here, we 

describe additional details below. 

 

4.2.1 The Experimental Setup 

The schematic illustration of the experimental setup is shown in Figure 4.1. Briefly, it 

consisted of a custom-made cuboid sample cell, a refrigerated circulator (FPW50-HE, Julabo 

Company, capable of cooling down to 223K if required), an aluminum lab jack (Fisher Scientific 

Company), two cameras (Model C922 and C270, Logitech), and a computer (DELL).  
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Figure 4.1. Schematic illustration of experimental setup with Teflon sample cell. After the 

sample preparation, the sample cell was sealed and directly placed on the lab jack, contacted 

with the coolant, ethanol. 

The sample cell was made of Polytetrafluoroethylene (Teflon), and it was placed on a lab 

jack which is adjusted to a proper height. After that, a glass cover was placed on the top of the 

refrigerated circulator to prevent the evaporation of the coolant. The two cameras controlled by 

software on the computer recorded the images of sample cell and the thermometer reading shown 

on the panel of the refrigerated circulator every 1 min, respectively. Because there is a differential 

between the temperature measured by the refrigerated circulator and the real temperature of the 

sample, the temperature calibrations were carried out first before the experimental ramps [24]. 

 

4.2.2 Sample Preparation 

The schematic illustration of the system used in this study (water directly in contact with 

the Teflon sample cell) is shown in Figure 4.2 (a) and its comparison to that of our earlier system 

(a water droplet suspended between two immiscible liquids) [24] is shown in Figure 4.2 (b). In 
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our earlier study, a water droplet was suspended between two immiscible liquids, 

perfluoromethyldecalin and squalane, and 60 mg of Milli-Q water (ultra-pure water of 18.2 MΩ 

resistivity from a Millipore unit) were added into each hole of the Teflon sample cell. Since 

perfluoromethyldecalin is denser than water and squalane is less dense than water, the water 

droplet was suspended between these two immiscible liquids. In the current study, 120 mg of Milli-

Q water alone was placed to each hole of the Teflon sample cell. The Teflon sample cell had 36 

holes in total. After the sample was placed to each hole, the sample cell was covered with a glass 

slide using a vacuum grease (Dow Corning, High vacuum grease) at the rim. 

 

 

Figure 4.2. Schematic illustration of the new water droplet system ((a), water directly contact 

with Teflon wall) and the quasi-free water droplet suspended between two immiscible liquids 

(b). 

The seven additives we investigated are; two inorganic additives of AgI (purchased from 

Sigma-Aldrich and used as received) and kaolinite, and five organic additives of cellulose (2-

Hydroxyethyl cellulose, molecular weight of 90000 and 1300000, purchased from Sigma-Aldrich 

and used as received), cholesterol (99% purity, purchased from Sigma-Aldrich and used as 

received), Snomax (Snomax International Company) and steroid (progesterone, purchased from 

Sigma-Aldrich, purity 99%). When measuring the ice nucleation rate in the presence of a 

nucleation promoter, about 0.003g of the nucleation promoter together with 120 mg of Milli-Q 

water were placed to each sample hole before the sample cell was closed. For Snomax, 0.01 wt% 
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Snomax suspension was first prepared as a stock solution (as shown in Figure 4.3 (left)), then 

0.0005 wt% suspension was prepared (as shown in Figure 4.3 (right)) by diluting the stock 

solution with Milli-Q water. Finally, 120 mg of the dilute suspension was placed to each sample 

hole of the sample cell.  

 

 

Figure 4.3. Photographs of Snomax suspensions (0.01 wt% stock solution (left) and 0.0005 wt% 

suspension (right)). 

 

4.2.3 Experimental Ramps and Data Analysis 

As in our earlier study, we used the linear cooling ramp method for the measurements of 

ice nucleation rates [24]. Three different cooling rates of 0.003 K/s, 0.001 K/s and 0.0003 K/s were 

used for ice nucleation rates, while the two faster cooling rates (0.003 K/s and 0.001 K/s) were 

used for the measurements in the presence of the nucleation promoters to save time. For each 

experimental cooling ramp, the sample cell was cooled rapidly from room temperature to 5 ºC and 

held for thermal equilibrium at 5 ºC. After that, the sample cell was cooled linearly with a constant 

cooling rate from 5 ºC to -40 ºC, until all the droplets froze. We note that the volume expansion 
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due to freezing was chosen to indicate the freezing of the droplet. However, in some poor optical 

cases, especially in the measurements with nucleation promoters, the moment water became 

opaque was chosen to be the freezing time. Finally, it was warmed back to room temperature again 

and all the frozen droplets melted. The freezing temperature (Tf) of each water droplet was obtained 

after the application of a temperature calibration table that related the temperature of the coolant 

to the temperature inside the sample cell. 

After obtaining all the raw data (Tf of all water droplets), we used the procedure described 

in [24-26] to deduce a nucleation curve. The procedure involves several steps: (1) Obtain the 

survival curve of the survival probability, F, as a function of supercooling ΔT = 273K - Tf, where 

F(ΔT) was calculated from the number of the surviving droplets (unfrozen droplets) divided by 

the total number of the droplets at that ΔT; (2) Calculate lnF as a function of the lag time, t. Lag 

time is the time a sample has spent in a metastable state prior to the eventual nucleation. Since 

linear cooling ramps were applied in the experiments, the lag time could be calculated from the 

calibrated supercooling, Tf, divided by the experimental cooling rate; (3) Obtain the local slope of 

lnF at each t by fitting a curve to lnF(t) and analytically differentiating the fitted curve with respect 

to t. Here we used an exponential function of the form A·exp(Bt) + C for the fitting of each lnF 

curve; (4) Divide each local slope by a factor of -ln2, which yields the experimental nucleation 

rate. The nucleation curve is the nucleation rate as a function of the supercooling. The reported 

nucleation rate can be either an experimental nucleation rate or a nucleation rate normalized to the 

system size. 
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4.3 Results 

4.3.1 Nucleation Rates of Ice in Water that is Directly in Contact with the Teflon Sample 

Cell 

In our previous study, we reported the nucleation rates of ice in quasi-free water droplets 

(water droplets supported by stable wetting films and water droplets suspended between two 

immiscible liquids) [24]. However, the PMMA sample cell is inconvenient for cleaning after an 

additive is used. In addition, the density mismatch between an additive and the supporting liquids 

means that different additives end up at different locations within the sample cell hole for fair 

comparisons. Since Teflon is inert and has a low specific surface free energy, additives do not stick 

to the walls and hence easy to wash off after the measurements. Thus, in this study we used water 

samples that are directly in contact with the Teflon sample cell for our investigation of the effect 

of additives. We assume that no chemical reaction takes place among Teflon, water and an additive. 

Since a nucleation promoter is expected to promote the nucleation of ice, more so than a Teflon 

wall does, the impact of the Teflon walls on ice nucleation is assumed to be insignificant compared 

to the impact of an additive when one is present.  

We first establish the baseline for the new setup by measuring the nucleation rates of ice 

in water that was in direct contact with the Teflon sample cell, using the linear cooling ramps of 

three different cooling rates (0.003 K/s, 0.001 K/s and 0.0003 K/s). We show the resulting survival 

curves in Figure 4.4, the corresponding natural logarithm of the survival curves in Figure 4.5 and 

the corresponding nucleation curves in Figure 4.6. We note that about 500 data points, 360 data 

points and 240 data points were collected for the cooling rates of 0.003 K/s, 0.001 K/s and 0.0003 

K/s, respectively. As mentioned in our previous study, the nucleation curve hardly changes with 

the accumulation of data after the first few hundred data points, which means 200 or 300 data 
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points are sufficient for a reliable determination of a nucleation curve [24]. It is also noted that in 

quasi-free water droplet systems, all water droplets are assumed to have the same spherical shape 

with the volume of 60 µL. For water directly in contact with Teflon wall, all water droplets are 

assumed to be cylindrical with the volume of 120 µL. 

 

Figure 4.4. Survival curves measured in water directly in contact with Teflon sample cell using 

three different cooling rates. The circle, square and triangle marker corresponds to data points at 

cooling rates of 0.003 K/s, 0.001 K/s and 0.0003 K/s, respectively. 

 

 

Figure 4.5. Natural logarithm of the survival curves (lnF vs ∆T) of ice formation measured in 

water directly in contact with Teflon sample cell using three different cooling rates. The circle, 
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square and triangle marker corresponds to data points at cooling rates of 0.003 K/s, 0.001 K/s 

and 0.0003 K/s, respectively. 

 

 

Figure 4.6. Nucleation curves (nucleation rate per unit volume) measured in water directly in 

contact with Teflon sample cell using three different cooling rates. The circle, square and triangle 

marker corresponds to data points at cooling rates of 0.003 K/s, 0.001 K/s and 0.0003 K/s, 

respectively. 

 

As shown in Figure 4.4, the survival curves measured in this new water system (water that 

is directly in contact with Teflon sample cell) were in the supercooling range of 6.4 to 18.6 K, 4.7 

to 18.3 K, 5.1 to 17.7 K for the cooling rate of 0.003 K/s, 0.001 K/s and 0.0003 K/s, respectively. 

The survival curves for the two fast cooling rates were almost overlapping with each other when 

supercooling was larger than 10 K (temperature lower than 263 K), but the supercooling of the 

lower end of the survival curve with the cooling rate of 0.001 K/s was lower than that of the cooling 

rate of 0.003 K/s. Water froze at a lower supercooling (higher temperature) for a slower cooling 

rate, which is similar to the results in our previous study [24]. Figure 4.5 showed that the lnF 

curves measured with two fast cooling rates were close to each other, while the local slope of lnF 

measured with 0.0003 K/s was less steep than the others at the same supercooling. When the 
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supercooling is larger than 11 K, the nucleation rates became lower as the cooling rate became 

slower at the same supercooling, as shown in Figure 4.6.  

 

4.3.2 Comparison with Quasi-Free Water Droplet Systems 

In this part, the nucleation rates in the new system (water directly in contact with Teflon 

sample cell) were compared to the nucleation rates in quasi-free water droplets supported by stable 

and thick wetting films of squalane and water droplet suspended between two immiscible liquids 

in our earlier study [24]. The survival curves were shown in Figure 4.7, the corresponding lnF 

curves were shown in Figure 4.8 and the nucleation curves were shown in Figure 4.9. The results 

shown in Figure 4.4-Figure 4.6 are now shown in green symbols, the results of quasi-free water 

droplets supported by stable wetting films of squalene are shown in blue symbols and the results 

of quasi-free water droplet suspended between two immiscible liquids are shown in yellow 

symbols. For each category, the results of 0.003 K/s, 0.001 K/s and 0.0003 K/s are shown in circles, 

squares and triangles, respectively. 

 

Figure 4.7. Survival curves measured in water directly in contact with Teflon sample cell using 

three different cooling rates, compared with that measured in water droplets supported by stable 

wetting films of squalane and in water droplets suspended at the interface between two 
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immiscible liquids. The curves measured in droplet supported by stable wetting films of squalane 

and droplet suspended between two immiscible liquids were the same as those shown in our 

previous study. 

 

Figure 4.8. Natural logarithm of the survival curves (lnF vs ∆T) of ice formation measured in 

water directly in contact with Teflon sample cell using three different cooling rates, compared 

with that measured in water droplets supported by stable wetting films of squalane and in water 

droplets suspended at the interface between two immiscible liquids. The curves measured in 

water droplets supported by stable wetting films of squalane and water droplets suspended 

between two immiscible liquids were the same as those shown in our previous study. 

 

Figure 4.9. Nucleation curves (nucleation rate per unit volume) measured in water directly in 

contact with Teflon sample cell using three different cooling rates, compared with that measured 

in water droplets supported by stable wetting films of squalane and water droplets suspended at 

the interface between two immiscible liquids. The curves measured in water droplets supported 
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by stable wetting films of squalane and water droplets suspended between two immiscible 

liquids were the same as those shown in our previous study. 

 

For cooling rate of 0.003 K/s, as shown in Figure 4.7, water directly in contact with Teflon 

sample cell froze at a lower supercooling (higher temperature) than in the quasi-free water droplet 

systems, as expected. Although Teflon is hydrophobic, it appears that Teflon wall still acted as 

heterogeneous nucleation sites for ice. For the two quasi-free water droplet systems, the droplets 

supported by stable wetting films of squalane behaved somewhat in between the water directly in 

contact with Teflon sample cell and the droplets suspended between two immiscible liquids, also 

as expected. Even though the van der Waals forces in the stable wetting films of squalane are 

repulsive, the water droplet was nonetheless within the range of the surface forces of the bottom 

wall of the sample cell. We note that the difference in the nucleation rates measured in water 

directly in contact with Teflon cell and those measured in the quasi-free water droplet suspended 

between two immiscible liquids was less than 1 order of magnitude for a given supercooling.  

Between the two cooling rates of 0.001 K/s and 0.0003 K/s, the results were quite similar 

to each other. Among the three systems, the water directly in contact with Teflon sample cell had 

the lowest supercooling range (highest temperature range), while the water droplets suspended 

between two immiscible liquids had the highest supercooling range. As shown in Figure 4.9, the 

nucleation curves of water in direct contact with the Teflon sample cell almost overlapped those 

of quasi-free water droplets supported by stable wetting films of squalane at the supercooling range 

of 12 to 18 K, while the nucleation rates were less than 1 order of magnitude higher than that of 

the quasi-free water droplets suspended between two liquids at the same supercooling.  
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Overall, the nucleation rates of ice in the water directly in contact with Teflon sample cell 

were somewhat higher than those in the quasi-free water droplets suspended between two 

immiscible liquids but the difference was smaller than the gap between the quasi-free water 

droplets suspended between two immiscible liquids and the quasi-free water droplets supported by 

the stable wetting films. Figure 4.9 also shows that ice nucleates at higher temperatures in the 

water in direct contact with a Teflon wall than in the quasi-free water droplets supported by the 

stable wetting films and yet their nucleation rates were virtually the same at the same temperature. 

These results suggest that the increase in the nucleation rate of ice by an inert, hydrophobic solid 

like Teflon is limited and that any additional increase in the nucleation rate of ice by an additive 

would be measurable. 

 

4.3.3 The Effect of Nucleation Promoters on the Ice Nucleation Rates 

As mentioned in the first subsection of the Results section, using quasi-free water droplets 

may not be suitable for the study of nucleation curves of ice in the presence of nucleation promoters 

because we cannot control the density mismatch between the nucleation promoters and the two 

immiscible liquids, and we have trouble cleaning the sample cell after the use of each additive. 

Since the difference between the nucleation curves of water directly in contact with Teflon walls 

and those of quasi-free water droplets was not large at the overlapping supercooling range, we may 

use the nucleation curves of (pure) water directly in contact with Teflon walls as our baseline in 

this study. The rationale is that any effective nucleation promoter would increase the nucleation 

rate of ice by a significant amount that would render the effect of the Teflon walls insignificant. 

We tested the efficacy of seven nucleation promoters; celluloses of two different molecular 

weights of 90000 and 1300000, silver iodide (AgI), kaolinite, cholesterol, Snomax and steroid. We 
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used the linear cooling ramp method with two cooling rates of 0.003 K/s and 0.001 K/s. For the 

cooling rate of 0.003 K/s, the survival curves are shown in Figure 4.10, the corresponding natural 

logarithm of the survival probability are shown in Figure 4.11, and the corresponding nucleation 

curves (experimental nucleation rate) are shown in Figure 4.12. For cooling rate of 0.001 K/s, the 

corresponding data are shown in Figure 4.13 to Figure 4.15. We note that about 200 data points 

were collected for the determination of each nucleation curve.  

 

 

Figure 4.10. Survival curves measured in water directly in contact with Teflon sample in the 

presence of different nucleation promoters comparing to the data of pure water, with the cooling 

rate of 0.003 K/s. The curve measured with pure water was the same as that in Figure 4.4. 
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Figure 4.11. Natural logarithm of the survival curves (lnF vs ∆T) of ice formation measured in 

water directly in contact with Teflon sample in the presence of different nucleation promoters 

comparing to the data of pure water, with cooling rate of 0.003 K/s. The curve measured with 

pure water was the same as that in Figure 4.5. 

 

 

Figure 4.12. Nucleation curves (experimental nucleation rate) measured in water directly in 

contact with Teflon sample in the presence of different nucleation promoters comparing to the 

data of pure water, with cooling rate of 0.003 K/s. The curve measured with pure water was the 

same as that in Figure 4.6. 
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For the cooling rate of 0.003 K/s, as shown in Figure 4.10, the survival curves measured 

in the presence of the cellulose (molecular weight of 90000 and 1300000) had similar supercooling 

ranges (6.1 K to 18.9 K and 5.9 K to 19.1 K) as that of pure water (6.4 K to 18.6 K). The survival 

curve measured in the presence of cholesterol (4.7 K to 16.6 K) had a slightly lower supercooling 

(higher temperature) range than pure water. For the other nucleation promoters, the survival curves 

were in the range of 1.2 K to 7.8 K, 3.8 K to 9.4 K, 4 K to 10.4 K and 4.3 K to 11.7 K for Snomax, 

AgI, kaolinite and steroid, respectively.  

The supercooling range in the presence of each of these four additives was narrower and 

lower (at higher temperature ranges) than that of pure water, which indicated that these four 

substances increased the nucleation temperature of water. Figure 4.11 showed that for all 

nucleation promoters, the lnF had steeper slopes than that of pure water at a comparable 

supercooling range. 

As shown in Figure 4.12, the molecular weight of the cellulose did not make a significant 

difference in the nucleation rate and they were both close to the nucleation rate of pure water. The 

three nucleation curves crossed over around the supercooling of 15.3 K. Generally, the difference 

in the nucleation rate in the presence of cellulose and that of pure water was less than 1 order of 

magnitude at the same supercooling, which indicated that cellulose had little promotion effect, not 

much more than that of a Teflon wall.  

Compared to celluloses, cholesterol appeared to have a slightly better promotion effect, as 

cholesterol could freeze water at a lower supercooling (higher temperature) range and render the 

nucleation rate higher than that of pure water at the same supercooling, although the difference 

was still less than 1 order of magnitude. Steroid had a better promotion effect, both in terms of the 

higher temperature range and the higher nucleation rate by 1 to 2 orders of magnitude, comparing 



 103 

to pure water. AgI and kaolinite turned out to be much better nucleation promoters of ice than 

steroid or cholesterol as the nucleation rates were (about 2 orders of magnitude) higher than that 

of pure water at the comparable supercooling range (about 6 K to 10 K). Compared to AgI and 

kaolinite, the lower end of the nucleation curve in the presence of Snomax was only at 1.2 K, 

which indicated that Snomax could improve the freezing temperature of water even more 

effectively. As shown in Figure 4.12, the nucleation rates measured in the presence of Snomax 

were more than 2 orders of magnitude higher than that in pure water at a comparable supercooling 

range (6.4 K to 7.7 K), and the difference would widen at higher supercooling (lower temperature). 

We would thus conclude that for the cooling rate of 0.003 K/s, the efficacy of nucleation promoters 

could be ranked as: Snomax ≥ AgI ≈ kaolinite > steroid > cholesterol ≥ celluloses ≈ Teflon wall. 

 

Figure 4.13. Survival curves measured in water directly in contact with Teflon sample in the 

presence of different nucleation promoters comparing to the data of pure water, with cooling rate 

of 0.001 K/s. The curve measured with pure water was the same as that in Figure 4.4. 
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Figure 4.14. Natural logarithm of the survival curves (lnF vs ∆T) of ice formation measured in 

water directly in contact with Teflon sample in the presence of different nucleation promoters 

comparing to the data of pure water, with cooling rate of 0.001 K/s. The curve measured with 

pure water was the same as that in Figure 4.5. 

 

 

Figure 4.15. Nucleation curves (nucleation rate per unit volume) measured in water directly in 

contact with Teflon sample in the presence of different nucleation promoters comparing to the 

data of pure water, with cooling rate of 0.001 K/s. The curve measured with pure water was the 

same as that in Figure 4.6. 
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For the cooling rate of 0.001 K/s, as shown in Figure 4.13, the survival curves measured 

in the presence of two celluloses (molecular weight of 90000 and 1300000) and cholesterol had 

similar supercooling ranges (5.1 K to 16.9 K, 4.7 K to 15.9 K and 4.1 K to 14.6 K), which were 

slightly narrower and lower than that of pure water (4.7 K to 18.3 K). As for the other four additives, 

the survival curves were concentrated at the supercooling range of 1.5 K to 6.7 K, 2.9 K to 8 K, 2 

K to 6.5 K and 4.1 K to 9.4 K in the presence of AgI, kaolinite, Snomax and steroid, respectively. 

These four additives could improve the freezing temperature of water, since the supercooling 

ranges measured with them became much lower and narrower comparing to pure water. And for 

all additives, as shown in Figure 4.14, the lnF curves measured in the presence of additives had 

steeper local slopes than that of pure water at the same supercooling, which results in higher 

nucleation rates showing in Figure 4.15. 

Similar to the results measured with the cooling rate of 0.003 K/s, as shown in Figure 4.15, 

the nucleation curves measured with two celluloses were quite close to each other, which indicated 

that the molecular weight barely had any influence on the nucleation rate. Cholesterol seemed to 

have similar promotion effect as the celluloses since the three nucleation curves were close to each 

other, overlapping at the supercooling of 12 K (temperature 261 K). Overall, the difference 

between the nucleation rates measured with these three additives and that of pure water was less 

than 1 order of magnitude between the supercooling range of 9 K to 18 K and less than 2 orders 

of magnitude when supercooling was less than 9 K, which indicated that they had better promotion 

effect than a Teflon wall. 

Steroid has better promotion effect than the above three additives as it could promote the 

nucleation rates more (by 1 to 2 orders of magnitude comparing to pure water) and also had 

narrower supercooling range than them. Kaolinite seemed to be better promoter than steroid 
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because it could increase the nucleation rate by about 2 orders of magnitude (comparing to pure 

water) as well as increase the freezing temperature of water. Snomax and AgI appeared to be the 

most effective promoters. The nucleation curves measured with them were almost overlapping 

with each other, and the nucleation rates were more than 2 orders of magnitude larger than that 

measured with pure water at the same comparable supercooling (about 5 K to 6 K), the difference 

would be even larger if extrapolated the curves with Snomax and AgI to a larger supercooling 

(lower temperature). 

Then we may conclude that for the cooling rate of 0.001 K/s, the efficacy of nucleation 

promoters could be listed from high to low as follows: Snomax ≈ AgI ≥ kaolinite > steroid > 

cholesterol ≈ celluloses ≥ Teflon wall. The conclusion is quite similar to that of cooling rate 0.003 

K/s, which indicates that the cooling rate doesn’t have a big influence on determining the efficacy 

ranking of nucleation promoters. 

 

4.4 Discussion 

4.4.1 Assumptions about the Nucleation Promoters  

The promoters are not 100% pure. For example, the purity of cholesterol and steroid are 

both 99%. We do not know the chemical identity of impurities in each promoter, however, we 

doubt that the nucleation potency can be greater than that of the main component. If they were, 

then we should obviously use the impurity as the main ingredient of the promoter. If they are not 

as effective in promoting ice nucleation as the main component, as they should be, then we may 

assume that the impact of the impurities is insignificant, especially given that their amounts are 

much smaller than that of the main component. If we can assume that the main components of the 

promoters are more effective than any impurities, then the next question is if the promoters are 
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physically and chemically uniform in their nucleation efficacy. This issue leads to the question as 

to the concentrations of the potential nucleation sites in a system, or equivalently, the question as 

to an appropriate measure of normalization of the system size, which is the topic of the next section. 

 

4.4.2 Normalization for the Heterogeneous Nucleation 

In order to make meaningful comparison with other literature data, the experimental 

nucleation rates shown in Figure 4.12 and Figure 4.15 need be normalized to an appropriate unit 

system size. In our earlier study that only involved quasi-free water droplets, either supported by 

the repulsive van der Waals force of a thick and stable wetting film or suspended at an interface 

between two mutually immiscible liquids of a higher and a lower density than water, the 

appropriate measure for normalization was the volume of the water in the system because ice 

nucleation was assumed to be homogeneous [24]. Of course, this assumption is not necessarily 

true, because the symmetry still breaks at the surface of a quasi-free water droplet even though it 

is not in contact with a solid phase. Nevertheless, that is what most in the literature assume for 

homogeneous nucleation. 

In contrast, for heterogeneous nucleation in the presence of promoters in this study, the 

nucleation rate should be normalized to the unit interfacial area between water and each promoter, 

if we can assume that the surface of each promoter is physically and chemically homogeneous. 

Unfortunately, it is difficult to estimate the accurate interfacial areas. For kaolinite for example, 

about 0.003 g kaolinite was added into each sample compartment. However, they were in the form 

of fine powder and the shape of each powder could be irregular. Consequently, the total interfacial 

area between water and the kaolinite particles in each hole is not accurately known. 



 108 

To gain some rough ideas, we summarized in Table 4.1 how the interfacial area could vary 

with the numbers of promoter particles contained in the 0.003 g. Take kaolinite as the example 

here, the total volume of kaolinite was calculated to be 0.0011 cm3 since its density is 2.65 g/cm3 

[27]. By assuming that each particle is spherical in shape, we estimated the variation in the total 

contact area between kaolinite and water in a sample hole in Table 4.1. The estimates in Table 

4.1 provides the lower bound because a sphere has the smallest possible surface area for a given 

volume. An important insight from Table 4.1 is that the total interfacial area increases by 1 order 

of magnitude as the number of promoter particles increases by 3 orders of magnitude. The number 

of kaolinite particles and the total interfacial area in each sample hole would have been somewhat 

different. Still, we can assume that the total interfacial area between kaolinite and water would 

have been between 0.1 and 0.5 cm2 if each particle were spherical. 

 

Table 4.1. The impact of numbers of promoter particles on the interfacial area. 

Volume 

(cm3) 

Number of 

particles 

Volume for each 

particle (cm3) 

R for each 

particle (cm) 

Total interfacial 

area (cm2) 

0.0011 

1 0.0011 0.0640 0.0515 

10 0.00011 0.0297 0.1110 

100 0.000011 0.0138 0.2392 

1000 0.0000011 0.0064 0.5153 

10000 0.00000011 0.0030 1.1102 

 

After getting the rough idea that how the number of kaolinite particles influence the contact 

area between kaolinite and water, the next question is how the different shape of promoters could 

influence the contact area. Table 4.2 shows the variation of the interfacial area between cubic 
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kaolinite particles and water for the same volume as Table 4.1. Compared to the spherical shape, 

the cubic shape has a larger interfacial area, as expected, but the difference is only about 30%. 

Even for a much more irregular shape that exposes 7 times as large surface area as that of a cube, 

the interfacial area will not be more than 1 order of magnitude larger than that of a sphere. 

We know that the number of the kaolinite particles must be between 10 to 1000. Then, 

Table 4.1 shows that the minimum in the total interfacial area between kaolinite and water in each 

sample hole would be 0.1 cm2, which corresponds to the case that each hole contains the minimum 

number of kaolinite particles and that all the particles are spherical. The other limiting case would 

be when each hole contains the maximum number of kaolinite particles and the kaolinite particles 

have irregular shapes. We assume that such irregular shapes may render the surface area 7 times 

as large surface area as that of a cube. Then, the maximum total interfacial area would be around 

6 cm2. 

 

Table 4.2. The interfacial area of cubic shape particles. 

Volume 

(cm3) 

Number of 

particles 

Volume for each 

particle (cm3) 

length for each 

cubic particle 

(cm) 

Total interfacial 

area (cm2) 

0.0011 

1 0.0011 0.1042 0.0651 

10 0.00011 0.0484 0.1404 

100 0.000011 0.0225 0.3025 

1000 0.0000011 0.0104 0.6517 

10000 0.00000011 0.0048 1.4041 
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4.4.3 Comparison to the Literature Data 

The literature seldom reported the nucleation rates of ice in the presence of nucleation 

promoters. Much literature only reported the freezing temperature range or the survival curves for 

ice nucleation with promoters. Here, we only compared our experimental results of AgI and 

kaolinite using the cooling rate of 0.003 K/s with the literature [12, 28]. The comparison of AgI 

data with Heneghan et al.’s results is shown in Figure 4.16 and the comparison of kaolinite data 

with Murray et al.’s results is shown in Figure 4.17. 

Heneghan et al. [28] applied the linear cooling ramp with cooling rate of 0.018 K/s to 

investigate the ice nucleation in the presence of AgI in a borosilicate glass sample cell. Since they 

obtained the average lag-time, <t>, as a function of supercooling (Fig. 3 of [28]) and stated that 

the nucleation rate is <t>-1, we could calculate the nucleation curve for their data. Heneghan et al. 

did not report the interfacial area between AgI and water in their system, so here we only compare 

the experimental nucleation rates. As shown in Figure 4.16, the two nucleation curves crossed at 

the supercooling 6 K to 7 K, and the supercooling range of Heneghan et al.’s results is slightly 

narrower than that of our results. Although there’s some difference, the difference of nucleation 

rate was less than 1 order of magnitude at the comparable supercooling range, which indicated that 

our results were close to Heneghan et al.’s results in the presence of AgI. This may suggest (1) the 

nature of the sample cell (glass vs Teflon) may be unimportant in the presence of a potent 

nucleation promotor like AgI, (2) the amount of AgI or the total interfacial area may not be as 

important as we thought. 
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Figure 4.16. Nucleation rates measured with AgI compared to the results of Heneghan et al.’s 

research. Our results used the data of cooling rate 0.003 K/s, Heneghan et al.’s results used 0.018 

K/s as the cooling rate. 

 

Murray et al. reported the experimental results in the Fig. 4 of [12]. However, they only 

reported the normalized nucleation rates (to unit interfacial area between kaolinite and water) over 

a broad range of concentrations of kaolinite. Their nucleation rates are shown as the blue square 

symbols in Figure 4.17. As noted above, we assume that the total interfacial area between the 

kaolinite and water in each sample hole to be between 0.1 and 6 cm2 and normalized the 

experimental nucleation rate of our data in Figure 4.17 by this factor. The above range in the 

interfacial area results in the red region in Figure 4.17.  
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Figure 4.17. Nucleation curves (nucleation rate per unit area) measured with kaolinite compared 

to the results of Murray et al.’s research. Our results used the data of cooling rate 0.003 K/s, 

Murray et al.’s results used 0.17 K/s as the cooling rate. 

 

As shown in Figure 4.17, the supercooling range of Murray et al.’s results are much higher 

(lower temperatures) than ours. When extrapolating our nucleation curves to their supercooling 

range (around 30 K to 40 K), our nucleation rates are about 4 to 5 orders of magnitude lower than 

their results. We note that the cooling rates used in our experiments (0.001 K/s and 0.003 K/s) 

were much slower than theirs (0.17 K/s), which would provide enough time for a sample to freeze 

at higher temperatures. Other than the faster cooling rate, we also noted that Murray et al. used 

much smaller water droplets (diameter of 10 to 40 µm) than what we used (diameter 4.86 mm), 

which could also contribute to the much larger supercooling range (smaller temperature range) in 

their data. 

Murray et al. estimated that the surface area for kaolinite would be around 11.8 m2g-1 in 

Table 1 of [12]. If the surface area of kaolinite in our study had the same ratio, our surface area 

would be around 354 cm2 in each sample hole, which would be more than 2 orders of magnitude 

larger than the range shown in Table 4.1 and Table 4.2.  
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Our results show that Snomax was the most effective of all the promoters we tested. We 

suspect that the efficacy of Snomax may be partly aided by its much larger interfacial area than 

the other promoter samples because Snomax could form a suspension when mixed with water (as 

shown in Figure 4.3). In contrast, we found it difficult to suspend AgI or kaolinite in water. Our 

results suggest that AgI or kaolinite (or other water-insoluble promoters) might become excellent 

nucleater of ice if they can be suspended in water. 

 

4.5 Conclusion 

We used water samples that were in direct contact with a Teflon sample cell for 

investigating the efficacy of several ice nucleation promoters. The use of this setting did not 

increase the nucleation rate of ice in pure water by more than the difference between that of a 

quasi-free water droplet supported by stable wetting films of squalane and that of a quasi-free 

water droplet suspended between two immiscible liquids at the same supercooling. This finding 

suggests that the promotion effect of a Teflon wall is limited and insignificant in the presence of 

an effective ice nucleation promoter. 

The efficacy of several ice nucleation promoters were investigated quantitatively with the 

linear cooling ramp method, using two cooling rates of 0.003 K/s and 0.001 K/s. We found that 

the efficacy ranking among the tested additives was; Snomax ≈ AgI ≥ kaolinite > steroid > 

cholesterol ≈ celluloses ≥ Teflon wall. 

Steroid/cholesterol was reported to be effective promoters that could nucleate ice at -1 °C 

in the literature, but it was found in this study that they were not nearly as effective as AgI or 

kaolinite, which indicated that only systematic comparisons of nucleation rates could rank the 

efficacy of different promoters quantitatively. 
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CHAPTER 5 ICE NUCLEATION IN THE PRESENCE OF NUCLEATION 

PROMOTERS DISPERSED IN TETRABUTYLAMMONIUM BROMIDE (TBAB) 

SOLUTIONS 

 

A version of this chapter has been accepted for publication in Chemical Engineering 

Science. 
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Abstract 

Ice nucleation is the initial step of ice formation that has significant impact on global 

climate, several engineering and structural surfaces and other systems like clathrate hydrates. The 

nucleation promoters for ice have been studied for decades but some problems or mechanisms 

remain unclear. In our earlier study [1], Snomax was found to be the most effective promoter 

among the common ice nucleation promoters we had tested and it was postulated that the efficacy 

of Snomax might be aided by its larger interfacial area available for heterogeneous nucleation 

because it could be easily dispersed in water. Here we attempted to disperse the three ice nucleation 

promoters which we had previously found to be effective – AgI, kaolinite and cholesterol – into 

liquid water to increase the interfacial area with water and the heterogeneous nucleation rate of ice. 

We found dispersion of these promoters into water to be difficult and required addition of 

Tetrabutylammonium bromide (TBAB) to the aqueous phase before they could be dispersed. We 

then investigated the nucleation rates of ice in the dispersed nucleation promoter suspensions. We 

found (1) addition of TBAB alone unexpectedly promoted the nucleation of ice, (2) dispersing AgI 

into 1 mM TBAB solutions further promoted ice nucleation, (3) dispersing kaolinite or cholesterol 

in TBAB solutions did not promote ice nucleation more so than the TBAB solutions without 

kaolinite or cholesterol.  
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5.1 Introduction 

Ice nucleation is the initial step of ice formation which has significant impacts on global 

climate [2, 3], engineering surfaces such as airfoils [4, 5], food engineering [6, 7], medicine [8, 9], 

agriculture [10] and other fields [11, 12]. Due to its applications in cloud seeding, artificial snow 

and so on, ice nucleation promoters have been studied for decades [13-15]. Besides, the studies on 

ice nucleation promoters could also put insights on finding effective nucleation promoters for the 

nucleation of clathrate hydrate, which has potential applications on gas storage, carbon capture 

and sequestration and so on. However, many mechanisms remain unclear especially about the 

heterogeneous nucleation potency of ice nucleation promoters. In our earlier publication, the 

efficacy of seven different nucleation promoters (both inorganic and organic) were investigated 

and ranked as Snomax ≈ AgI ≥ kaolinite > steroid > cholesterol ≈ celluloses ≥ Teflon wall [1]. We 

postulated that the excellent promoting efficacy of Snomax could be due in part to its ability to be 

dispersed in water with ease, because the resulting much larger interfacial area is expected to 

increase the heterogeneous nucleation rate of ice. Since other nucleation promoters such as AgI 

and kaolinite were hardly soluble in water and also difficult to disperse in water, it is reasonable 

to postulate that the insoluble ice nucleation promoters may have better promoting effects if it 

could be dispersed in water. Unfortunately, we found that dispersing these ice nucleation 

promoters in water was not a trivial task.  

Tetrabutylammonium bromide (TBAB) has been used as a dispersive agent or stabilizer in 

many studies, it is also used as one of the main synthetic materials of the deep eutectic solvent 

(DES) for the liquid-liquid microextraction that acts as a dispersive agent and improves the mass 

transfer between the phases as a salting-out agent [16, 17]. In the oil and gas industry, TBAB was 

widely studied as a semi-clathrate promoter, which has potential applications in the fields of 
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hydrogen storage, carbon dioxide capture, etc. [18-20]. Veluswamy et al. [21] investigated the 

impact of TBAB, THF and cyclopentane as promoters on hydrogen hydrate formation. After 

measuring the induction time, formation rate of hydrate, gas consumption and hydrogen storage 

capacity, etc., it was found that TBAB / hydrogen semi-clathrate hydrates formed fast and easier 

but had lower hydrogen storage capacity comparing to the results of THF [21]. Ye et al. reported 

that TBAB could act as a promoter for hydrate formation in the CO2 + H2O + TBAB system at low 

mass fractions (0.05 and 0.10) [22]. In contrast, Nguyen et al. found that TBAB can act as an 

inhibitor for CO2 hydrate formation at minuscule concentration [23]. Other than acting as a semi-

clathrate promoter, TBAB dissolved in water could also form semi-clathrate [24], which has many 

applications in air-conditioning system as a refrigerant [25], gas storage and separation [26].  

In this study, we investigated the efficacy of TBAB solutions of a range of concentrations 

to disperse the ice nucleation promoters into liquid water. We then investigated the promotion 

effects of TBAB over a broad range of concentrations on the nucleation rate of ice. Finally, we 

investigated the nucleation rates of ice in the dispersed promoter suspensions in the TBAB aqueous 

solutions.  

 

5.2 Materials and Methods 

The nucleation promoters investigated in this study were AgI (99% purity, purchased from 

Sigma-Adrich), kaolinite and cholesterol (99% purity, purchased from Sigma-Adrich). All 

nucleation promoters were dispersed in Tetrabutylammonium bromide (TBAB, 99% purity, 

purchased from Sigma-Adrich and used as received) solutions when investigating the nucleation 

rates of ice. 1M TBAB solution was prepared first as a stock solution, then the TBAB solutions 

with specific concentrations (e.g., 0.1 M, 10-3 M, 10-5 M, etc.) were prepared by diluting the stock 
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solution with Milli-Q water (ultra-pure water of 18.2 MΩ resistivity from a Millipore unit). Before 

measuring the nucleation rates of ice in the presence of dispersed promoters, sedimentation 

experiments were carried out to select a suitable concentration of TBAB in water that resulted in 

the best stability (longest time) of the suspensions. An ice nucleation promoter was added to a 

TBAB solution at 2.5 wt%, which is the same the ratio as we had used in our earlier publication 

[1]. After sonicated in the Ultrasonic device (ELMASONIC E+ series) for 10 min, the suspensions 

were monitored over time, and the dispersion of the best stability (longest duration) was selected 

for the subsequent ice nucleation experiments. 

After having prepared a suspension, 120 µL of the suspension was added into each hole of 

the Teflon sample cell (custom-made with 36 holes in total), followed by covering a glass lid at 

the top of the sample cell with the vacuum grease (Dow Corning, High Vacuum grease). Then the 

Teflon sample cell was placed into the experimental setup shown in Figure 5.1. The details of the 

experimental setup are described in our earlier publications [1, 27]. During each experimental 

cooling ramp, 0.003 K/s was used as the cooling rate, and the images of the sample cell were 

recorded by a webcam every 1 min. After each experimental ramp, the freezing temperature of 

each sample was recorded with an application of the calibration table that related the nominal 

experimental temperatures to the real sample temperatures. Finally, the survival curve and the 

nucleation curve were derived from the recorded data using the procedure described in refs [27-

29]. It is noted that the freshly dispersed suspensions were required for each experimental cooling 

ramp since the stability of some promoter suspensions was not long enough for repeated 

experimental ramps.  
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Figure 5.1. Schematic illustration of the experimental setup. After adding the dispersed 

suspension of promoter into each hole, the Teflon sample cell was sealed by a small glass slide 

and placed on the lab jack. 

 

5.3 Results 

5.3.1 Nucleation Rate of Ice in TBAB Solutions 

The nucleation rates of ice formation in TBAB solutions of different concentrations (10-5 

M to 1 M) were first investigated as control experiments. We show the survival curves in Figure 

5.2, the corresponding lnF curves in Figure 5.3 and the corresponding nucleation curves in Figure 

5.4. It is noted that at least 200 data points were collected for the derivation of each curve. 
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Figure 5.2. Survival curves of ice formation measured in TBAB solutions with different 

concentrations. 0.003 K/s was used as the cooling rate. 

 

As shown in Figure 5.2, the survival curves of TBAB solutions were concentrated to the 

ranges of 2.8 K to 14 K, 3.2 K to 11 K, 2 K to 10.5 K, 3.4 K to 10.7 K and 3.6 K to 9.3 K for the 

concentrations of 1 M, 0.1 M, 0.01 M, 10-3 M and 10-5 M, respectively. Unexpectedly, ice formed 

at lower supercoolings (higher temperatures) in the TBAB solutions than in pure water (6.4 K to 

18.9 K) despite the expected lowering of the activity of water and the concomitant freezing point 

depression by TBAB, indicating that the observed unexpected result was a kinetic (nucleation 

kinetics), as opposed to a shift in the thermodynamic phase boundary. 

Figure 5.3 shows that the lnF curves measured in the TBAB solutions had steeper slopes 

than that of pure water at a comparable range of supercooling (around 6.7 K to 12 K). As shown 

in Figure 5.4, the nucleation rates measured in the TBAB solutions with different concentrations 

were similar to each other, which were all larger than that measured in pure water by 1 to 2 orders 

of magnitude. The results showed that TBAB acted as a nucleation promoter of ice from the 

reduced supercooling required for nucleation and the increased nucleation rate at a given 
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temperature. The nucleation rates of ice in the TBAB solutions of different concentrations over the 

range of 10-5 M to 1 M did not show any systematic trend with the increasing concentrations and 

were broadly similar to each other at a given supercooling.  

 

Figure 5.3. Natural logarithm of the survival curves of ice formation measured in TBAB 

solutions with different concentrations. 0.003 K/s was used as the cooling rate. 

 

 

Figure 5.4. Nucleation curves of ice formation measured in TBAB solutions with different 

concentrations. 0.003 K/s was used as the cooling rate. 
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5.3.2 Ice Nucleation in Dispersed AgI Suspensions 

Figure 5.5 shows the results of the sedimentation experiments for AgI. AgI dispersed in 

the TBAB solutions and formed suspensions after sonicating, although there was a small amount 

of sediment at the bottom of the vials. AgI suspended in the TBAB solutions of the concentrations 

of 1 M, 0.1 M, 10-4 M and 10-5 M completely phase-separated after 5 minutes. AgI suspended in 

0.01 M and 10-3 M TBAB solutions completely phase-separated after 2 hours. AgI suspended in 

10-3 M TBAB solution had the best kinetic stability among the five concentrations we investigated. 

Therefore, AgI suspended in a 10-3 M TBAB solution was selected for the cooling ramp 

experiments.  

The survival curves of ice formation measured in AgI suspensions dispersed in 10-3 M 

TBAB solutions are shown in Figure 5.6, the corresponding lnF curves in Figure 5.7 and the 

corresponding nucleation curves in Figure 5.8. The experimental results are compared to those of 

our previous results of Snomax and undispersed AgI.  
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Figure 5.5. Dispersion of AgI in TBAB solutions with different concentrations. 

 

 

Figure 5.6. Survival curve of ice formation measured in dispersed AgI suspension, comparing 

with the results of pure water, undispersed AgI, Snomax and 1 mM TBAB solution. The results 

of pure water, undispersed AgI and Snomax were the same as that in our previous study [1]. The 

survival curve of 1 mM TBAB solution was the same as that in Figure 5.2. 
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Figure 5.7. Natural logarithm of survival curve measured in dispersed AgI suspension, 

comparing with the results of pure water, undispersed AgI, Snomax and 1 mM TBAB solution. 

The results of pure water, undispersed AgI and Snomax were the same as that in our previous 

study [1]. The curve of 1 mM TBAB solution was the same as that in Figure 5.3. 

 

 

Figure 5.8. Nucleation curve of ice formation measured in dispersed AgI suspension, comparing 

with the results of pure water, undispersed AgI, Snomax and 1 mM TBAB solution. The results 

of pure water, undispersed AgI and Snomax were the same as that in our previous study [1]. The 

nucleation curve of 1 mM TBAB solution was the same as that in Figure 5.4. 
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As shown in Figure 5.6, water froze at a largely similar albeit slightly shallower 

supercooling range (0.8 K to 6.3 K) in dispersed AgI than in Snomax (1.2 K to 7.9 K). The survival 

curves measured in 10-3 M TBAB solution and in undispersed AgI we reported previously are 

similar to each other. We note that the duration of each cooling ramp was less than 1.5 hrs since 

the largest supercooling observed was 6.3 K. We thus assume that the dispersed AgI suspension 

remained stable during each experimental cooling ramp.  

Figure 5.7 shows that the lnF curve of the dispersed AgI suspension had steeper slopes 

than that of Snomax, the undispersed AgI or the 10-3 M TBAB solution at a comparable 

supercooling. Figure 5.7 also shows that the lnF curve of the dispersed AgI suspension had much 

steeper slopes than that of pure water, which suggests its nucleation rates would be much higher 

than that of pure water. As shown in Figure 5.8, the nucleation rates in the dispersed AgI 

suspension were around one order of magnitude greater than that of the undispersed AgI or the 10-

3 M TBAB solution over the supercooling range of 3 K to 6 K, which indicates that the promoting 

efficacy of AgI could be improved after dispersion in the TBAB solution. It is surprising that the 

efficacy of the dispersed AgI was even slightly better than that of Snomax.  

 

5.3.3 Ice Nucleation in Dispersed Kaolinite Suspensions 

Similar to AgI, sedimentation experiments for kaolinite were carried out before measuring 

the nucleation rates. As shown in Figure 5.9, kaolinite dispersed in the TBAB solutions and 

formed suspensions after sonicating. Kaolinite suspended in the TBAB solutions of the 

concentrations of 1 M, 0.1 M and 0.01 M completely phase-separated after 30 minutes. Kaolinite 

suspended in 10-3 M TBAB solution completely phase-separated after 3 hours. It seems that 

kaolinite suspended in 10-4 M TBAB solution had the best kinetic stability over a period of three 
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hours. Therefore, 10-4 M TBAB solution was selected for the cooling ramp experiments. The 

survival curves of ice formation measured in kaolinite suspensions dispersed in 10-4 M TBAB 

solution are shown in Figure 5.10, the corresponding lnF curves in Figure 5.11 and the 

corresponding nucleation curves in Figure 5.12. The experimental results are also compared to 

those of our previous results of undispersed kaolinite. The results for the 10-5 M TBAB solution, 

without kaolinite, are also shown for comparison. As concluded in the former section, the 

nucleation rate of TBAB solution was independent at the concentration range of 10-5 M to 1 M, 

therefore the results of 10-4 M TBAB solution should be quite similar to 10-5 M TBAB solution. 

 

 

Figure 5.9. Dispersion of kaolinite in TBAB solutions with different concentrations. 
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Figure 5.10. Survival curve of ice formation measured in dispersed kaolinite suspension, 

comparing with the results of pure water, undispersed kaolinite and 10-5 M TBAB solution. The 

results of pure water and undispersed kaolinite were the same as that in our previous study [1]. 

The survival curve of 10-5 M TBAB solution was the same as that in Figure 5.2. The curve 

measured in dispersed kaolinite suspension was overlapping with that of undispersed kaolinite. 

 

 

Figure 5.11. Natural logarithm of survival curve measured in dispersed kaolinite suspension, 

comparing with the results of pure water, undispersed kaolinite and 10-5 M TBAB solution. The 

results of pure water and undispersed kaolinite were the same as that in our previous study [1]. 

The survival curve of 10-5 M TBAB solution was the same as that in Figure 5.3. The curve 

measured in dispersed kaolinite suspension was overlapping with that of undispersed kaolinite. 
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Figure 5.12. Nucleation curve of ice formation measured in dispersed kaolinite suspension, 

comparing with the results of pure water, undispersed kaolinite and 10-5 M TBAB solution. The 

results of pure water and undispersed kaolinite were the same as that in our previous study [1]. 

The survival curve of 10-5 M TBAB solution was the same as that in Figure 5.4. The curve 

measured in dispersed kaolinite suspension was almost overlapping with that of undispersed 

kaolinite. 

 

As shown in Figure 5.10, the survival curve of ice formation in the dispersed kaolinite 

suspension was concentrated to the supercooling range of 4.1 K to 10.9 K, which is similar to that 

of the undispersed kaolinite (4 K to 10.6 K) and slightly higher than that measured in the 10-5 M 

TBAB solution (3.6 K to 9.1 K). Figure 5.11 shows that the lnF curve measured in the dispersed 

kaolinite suspension was almost overlapping with that measured in water with the undispersed 

kaolinite, and its slope was slightly steeper than that of the 10-5 M TBAB solution at the same 

supercooling. 

Figure 5.12 shows that the nucleation curves measured in the dispersed kaolinite 

suspension, the undispersed kaolinite in water and the 10-5 M TBAB solution were close to each 

other, which were around two orders of magnitude higher than that of pure water. We may thus 
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conclude that dispersing kaolinite in 10-4 M TBAB solution didn’t promote ice nucleation more so 

than the 10-4 M TBAB solution alone (without kaolinite) did. 

 

5.3.4 Ice Nucleation in Dispersed Cholesterol Suspensions 

Figure 5.13 shows the results of the sedimentation experiments for cholesterol. Cholesterol 

could be dispersed in the TBAB solutions of all concentrations except for 0.1 M and formed 

suspensions after sonicating. The kaolinite suspended in the TBAB of all concentrations except 

for 0.1 M had similar kinetic stability that phase-separated after 3 hours. We selected 10-5 M TBAB 

solution for the cooling ramp experiments of the dispersed cholesterol. The survival curves are 

shown in Figure 5.14, the corresponding lnF curves in Figure 5.15 and the corresponding 

nucleation curves in Figure 5.16.  

As shown in Figure 5.14, water froze at a much lower supercooling range (higher 

temperature range) in the dispersed cholesterol suspension (3.4 K to 8.9 K) than the water 

containing undispersed cholesterol (4.7 K to 16.6 K) or in pure water (6.4 K to 18.6 K). The 

survival curve measured in dispersed cholesterol suspension was almost overlapping with that 

measured in the 10-5 M TBAB solution without cholesterol, which resulted in the two 

corresponding lnF curves (shown in Figure 5.15) overlapping with each other. The slopes of these 

two lnF curves were much steeper than that measured in the presence of undispersed cholesterol 

or in pure water at a comparable supercooling range (around 6 K to 9 K). 

Figure 5.16 shows that the nucleation rates of ice in the dispersed cholesterol suspension 

were one to two orders of magnitude larger than that measured in the undispersed cholesterol or 

in pure water. However, similar to the survival curve and lnF curve, the nucleation curves of ice 

in the dispersed cholesterol suspension and in the 10-5 M TBAB solution were overlapping with 
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each other, which indicated that dispersing cholesterol in the 10-5 M TBAB solution didn’t promote 

ice nucleation more so than the 10-5 M TBAB solution without cholesterol did. 

 

Figure 5.13. Dispersion of cholesterol in TBAB solutions with different concentrations. 

 

 

Figure 5.14. Survival curve of ice formation measured in dispersed cholesterol suspension, 

comparing with the results of pure water, undispersed cholesterol and 10-5 M TBAB solution. 

The results of pure water and undispersed cholesterol were the same as that in our previous study 

[1]. The survival curve of 10-5 M TBAB solution was the same as that in Figure 5.2. The curve 
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measured in dispersed cholesterol suspension was almost overlapping with that measured in 10-

5M TBAB solution. 

 

 

Figure 5.15. Natural logarithm of survival curve measured in dispersed cholesterol suspension, 

comparing with the results of pure water, undispersed cholesterol and 10-5 M TBAB solution. 

The results of pure water and undispersed cholesterol were the same as that in our previous study 

[1]. The survival curve of 10-5 M TBAB solution was the same as that in Figure 5.3. The curve 

measured in dispersed cholesterol suspension was almost overlapping with that measured in 10-

5M TBAB solution. 
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Figure 5.16. Nucleation curve of ice formation measured in dispersed cholesterol suspension, 

comparing with the results of pure water, undispersed cholesterol and 10-5 M TBAB solution. 

The results of pure water and undispersed cholesterol were the same as that in our previous study 

[1]. The survival curve of 10-5 M TBAB solution was the same as that in Figure 5.4. The curve 

measured in dispersed cholesterol suspension was almost overlapping with that measured in 10-

5M TBAB solution. 

 

5.4 Discussion 

5.4.1 Dispersing Effect of TBAB  

We found it impossible to disperse AgI, kaolinite or cholesterol into liquid water without 

any additives, even with rigorous sonication or heating. It has been reported that the catalytic 

activity of modified nanoparticles could remain unchanged for a three-month period with the 

addition of TBAB although the exact role of TBAB in this system was unclear [30]. Zheng et al. 

reported that TBAB could help form oil-in-water emulsions with improved stability for 7 days 

when its concentration was larger than 1 mM [31]. We thus used TBAB as an additive to help 

disperse AgI, kaolinite and cholesterol in water.  

Our results showed that TBAB indeed helped disperse AgI, kaolinite and cholesterol in 

water. However, we found that the dispersion of AgI, kaolinite and cholesterol, aided by TBAB, 
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had different impacts on the heterogeneous nucleation rates of ice. The nucleation rates of ice in 

dispersed AgI suspensions were about one order of magnitude higher than that in water that 

contained undispersed AgI or in the 1 mM TBAB solutions without AgI. For kaolinite and 

cholesterol, in contrast, dispersing kaolinite or cholesterol in TBAB solution did not promote ice 

nucleation more so than the TBAB solution without kaolinite or cholesterol. In other words, the 

dispersing action of kaolinite or cholesterol hardly impacted the nucleation rate of ice.  

 

5.4.2 Promoting Effect of TBAB on Ice Nucleation 

The TBAB solutions increased the nucleation rate of ice over the concentration range of 

10-5 M to 1 M. Here, we compare the promoting effect of TBAB alone on ice nucleation to the 

other 7 nucleation promoters we had tested previously [1]. Since the nucleation rates measured in 

TBAB solutions were independent of the concentration over the range of 10-5 M to 1 M, we only 

used the concentration of 10-5 M TBAB solution for this comparison. We note that all 7 nucleation 

promoters tested in our previous study were undispersed.  

The resulting nucleation curves are shown in Figure 5.17. The nucleation curve of the 

TBAB solution was almost overlapping with that of undispersed AgI and close to that of 

undispersed kaolinite. The nucleation rates measured in these undispersed nucleation promoters 

were all about two orders of magnitude higher than that of pure water at a comparable supercooling. 

Therefore, the efficacy of these eight nucleation promoters can be ranked as: Snomax ≥ 

undispersed AgI ≈  TBAB ≈  undispersed kaolinite > undispersed steroid > undispersed 

cholesterol ≥ undispersed celluloses ≈ Teflon wall.  
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Figure 5.17. Nucleation curve of ice formation measured in 10-5 M TBAB solution, compared 

with other 7 nucleation promoters tested in our previous study [1]. The curve measured in TBAB 

solution was almost overlapping with that measured in the presence of AgI. The experimental 

cooling rate was 0.003 K/s for the measurements of all nucleation promoters. 

 

It is surprising that TBAB solutions had similar efficacy to undispersed AgI or kaolinite 

that tested in our previous study [1]. According to the classical nucleation theory, the nucleation 

rate of ice, J, could be expressed by the Arrhenius form, 

 J = AN
0
exp(-Dg / kT ) Eq. 5.1 

Where A is the kinetic constant that includes the attachment frequency of a water molecule 

in the liquid phase to a growing crystallite, N0 is the concentration of potential nucleation sites, ∆g 

is the height of activation barrier or the thermodynamic work that is required to form a critically 

sized nucleus, k is the Boltzmann constant and T is the absolute temperature [13]. 

The framework of classical nucleation theory basically consists of a so-called kinetic 

parameter and a so-called thermodynamic parameter, where the kinetic parameter depends on the 

type of nucleation and accounts for the frequency of attachment of hydrate building units to the 



 138 

nucleus and the concentration of potential nucleation sites, and the thermodynamic parameter 

accounts for the probability that a system that can surmount the activation barrier as prescribed by 

the Boltzmann distribution. Such a probability exponentially diminishes with the size of the 

activation barrier [32]. 

With the addition of TBAB, N0 is expected to increase with the concentration. However, 

this increase is not significant for small concentrations. We thus assume that the increase in the 

nucleation rate of ice in TBAB solutions was due to a lowered activation barrier, ∆g. In other 

words, TBAB was speculated to lower the activation barrier (i.e., lower the so-called 

thermodynamic factor within the framework of classical nucleation theory). 

Although TBAB was barely studied as a promoter for ice nucleation in the literature, it was 

widely used as a promoter for gas hydrate formation, and the underlying mechanisms of TBAB on 

promoting hydrate nucleation could shed some light into the understanding of its promotion of ice 

nucleation. Similar to THF (tetrahydrofuran) and cyclopentane, TBAB was thought to act as a 

thermodynamic promoter because it can serve as a guest or co-guest of semi-clathrate [33-35]. 

Nguyen et al. [23] applied both experimental and computational simulation methods to study the 

effect of TBAB on CO2 hydrate formation. At high TBAB concentrations, they found the water 

structure would be perturbed by its surrounding TBA+ cations and become more energetic, 

resulting in the tendency to transform into a more ordered conformation. However, TBAB could 

inhibit the nucleation of gas hydrate at low concentrations (e.g., 0.125 wt.% in ref. [23]), and 

Nguyen et al. speculated that the water alignment at the water – gas interface might be the reason 

for this unexpected phenomenon. Since ice and clathrate hydrates have similar crystal structures 

[11], it is reasonable to speculate that similar perturbations of the water structure by TBA+ cations 

might occur in ice.  Such local alignment/re-orientations of the water molecules by TBA+ cations 



 139 

could make it easier for the water molecules to form ice-like structures and lower the activation 

barrier to ice nucleation. 

Our results showed that TBAB facilitated the nucleation of ice over a broad range of 

concentrations. This finding may be in contrast to its inhibitive effect on the nucleation of clathrate 

hydrates reported by Nguyen et al. In gas hydrates, the water molecules need to rearrange 

themselves to accommodate the (generally hydrophobic) guest gas molecules during the process 

of nucleation. In contrast, formation of ice is a single component system and such hydrophobic 

hydration is not required during the process of ice nucleation. Nguyen et al. reported strong 

hydrogen-bonded (ice-like) OH peaks in the SFG spectra of the TBAB solutions within the 

concentration range of 0.075 wt.% to 3 wt.% (Fig. 4 in ref. [23]), which could facilitate the 

formation of ice-like structures. The differing impacts of TBAB on the nucleation of ice and on 

that of clathrate hydrate could shed light to the relative importance of hydrophobic hydration in 

these systems.   

 

5.4.3 Impact of Dispersing Ice Nucleation Promoters 

It is interesting to find that dispersing AgI in TBAB solutions is more effective in 

promoting the nucleation of ice than dispersing kaolinite or cholesterol. This finding suggests that 

the increased interfacial areas between water and AgI, kaolinite or cholesterol, and the concomitant 

increase in the heterogeneous nucleation rates, may not be the primary factor. One possible reason 

could be that TBAB may have synergistic effects in ice nucleation with AgI but not with kaolinite 

or cholesterol. Another possibility is that TBAB may have negative synergistic effects with 

kaolinite or cholesterol that cancelled the impact of the increased interfacial areas and the expected 

increase in the heterogeneous nucleation rates. AgI has been found to have small lattice parameter 
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mismatch with hexagonal ice surface [36, 37], while kaolinite is a mineral clay that has a complex 

layered structure [38] and cholesterol is an organic lipid-like molecule that has no affinity to water 

or ice [39]. The adsorption of TBAB from a given concentration of TBAB aqueous solution onto 

AgI, kaolinite or cholesterol could be different and consequently differently impacted the 

interactions between the surfaces of these materials and the water molecules, which may have 

resulted in more less active sites for the heterogeneous nucleation of ice.  

 

5.5 Conclusions 

 In this study, we investigated the heterogeneous nucleation rates of ice in the dispersions 

of AgI, kaolinite and cholesterol dispersed in TBAB aqueous solutions. Several key findings are 

as follows: 

(1) TBAB can act as a nucleation promoter of ice, and the nucleation rate measured in TBAB 

solutions was largely independent of its concentration over the range of 10-5 M to 1 M.  

(2) The sedimentation experiments suggested that the suspensions prepared from AgI 

dispersed in 10-3 M TBAB solution, kaolinite dispersed in 10-4 M TBAB solution and 

cholesterol dispersed in 10-5 M TBAB solution had the best kinetic stability.  

(3) Dispersing AgI in 10-3 M TBAB solution further promoted ice nucleation whereas 

dispersing kaolinite or cholesterol in TBAB solutions did not promote ice nucleation more 

so than TBAB solutions without kaolinite or cholesterol.  
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Abstract 

Electrolytes have been used as thermodynamic ice inhibitors since they can depress the 

melting point of ice by lowering the activity of water. However, the kinetic aspects of electrolytes 

on ice nucleation have been unclear. Here we report an experimental study of the nucleation rate 

of ice in quasi-free droplets of eight dilute monovalent salt solutions suspended at an interface 

between two immiscible liquids of perfluoromethyldecalin and squalane. The studied salts were 

sodium chloride (NaCl), potassium chloride (KCl), lithium chloride (LiCl), sodium bromide 

(NaBr), potassium bromide (KBr), lithium bromide (LiBr), sodium iodide (NaI) and potassium 

iodide (KI). The results showed that some monovalent salts increased the nucleation rate of ice at 

low supercoolings (high temperatures) and this increase was largely independent of the salt 

concentrations up to 100 mM. This finding is in marked contrast to the previous finding that the 

same combinations of the monovalent salts promoted the nucleation of methane – propane mixed 

gas hydrates, suggesting that fundamental difference may exist between the nucleation 

mechanisms of ice and clathrate hydrates.  
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6.1 Introduction 

The nucleation of ice is the initial step of the ice formation, which has great impacts on the 

properties of clouds 1, 2 and the supercooled water on engineered and structured surfaces like 

aircraft wings 3, 4, bridge cables 5, 6 and wind turbines 7, 8. In addition, the study of ice nucleation 

also has potential applications in mineralogy 9, petroleum engineering 10 and other fields 11. In the 

oil and gas industry, studying of ice nucleation would be helpful for understanding the nucleation 

mechanism of gas hydrates 10. For cloud seeding and other cases where ice formation is desired, 

we wish to be able to promote the nucleation of ice 12 while for the supercooled water on aircraft 

wings and airfoils 13 and cryopreservation of food or biological samples 14, we wish to be able to 

prevent the nucleation of ice.  

Salts depress the melting point of ice by decreasing the activity of water and hence are 

thermodynamic inhibitors of ice 15, and the impacts of different types of salts on ice nucleation 

have been studied by both modelling and experimental methods for years 16-18. For example, 

Espinosa et al. reported the nucleation rate of ice in NaCl solutions with a concentration of 1.85 

M by simulation method. They found that salt could decelerate ice nucleation by increasing the 

liquid-ice interfacial free energy 19. Soria et al. reported that their computational model captured 

the trend that the nucleation rate at a given supercooling decreased in the presence of salt 20. 

Experimentally, Kanno and Angell investigated ice nucleation in emulsified solutions of alkali 

halides and reported that these salts could inhibit ice formation by depressing the melting point of 

ice 21. Miyata et al. measured the ice nucleation temperatures of emulsified alkali halide solutions 

as a function of salt concentration and concluded that the nucleation temperature decreased with 

increasing ionic radius of the cations while it increased with increasing ionic radius of the anions 

22. Demott and Rogers applied a cloud chamber to observe the liquid cloud formation on soluble 
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cloud condensation nuclei (ammonium sulfate, ammonium bisulfate and sodium chloride) and 

reported the experimental nucleation rates 23. Bauerecker et al. investigated the freezing process 

of salty water droplets freely suspended in an acoustic levitator and reported the kinetic antifreeze 

effect of the added salts in terms of delayed ice nucleation and also slow-down of the early stages 

of freezing, combining the results of both experimental and computational methods 16.  

The experimental studies of ice nucleation in salt solutions have so far mainly concerned 

about high concentrations (1 M and higher) and only few studies reported the impact of dilute salt 

solutions (100 mM and lower) on ice nucleation. In addition, the studies on the nucleation rates in 

dilute salt solutions are even rarer. Purity of the salts is especially important in dilute salt solutions. 

Sowa et al. reported a systematic study of hydrate formation and ice formation in monovalent salt 

solutions in a glass sample cell over a broad range of concentrations (10-5 to 3 M) 24. They found 

that most of the monovalent ions only had a weak promotion effect on ice formation for all 

concentrations they tested. However, they only reported the nucleation temperatures and not the 

nucleation rates. Whale et al. 25 investigated the effect of dilute salt solutions (0.015 M) on ice 

nucleation with different nucleators and reported that several ammonium salts could cause 

suspended nucleator particles (feldspars and quartz) to nucleate ice up to 3 °C warmer than they 

did in pure water. However, they didn’t report the effect of dilute salt solutions on ice nucleation 

of pure water in the absence of any nucleators 25. 

In this paper, we focused the study on monovalent salts since they have applications in 

climate engineering 26, biology 27, clay science 28, food science 29 and other fields. The nucleation 

rate of ice was investigated in quasi-free droplets of eight dilute monovalent salt solutions 

suspended at an interface between two immiscible liquids of perfluoromethyldecalin and squalane. 

The studied monovalent salts were sodium chloride (NaCl), potassium chloride (KCl), lithium 
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chloride (LiCl), sodium bromide (NaBr), potassium bromide (KBr), lithium bromide (LiBr), 

sodium iodide (NaI) and potassium iodide (KI).  

 

6.2 Materials and Methods 

6.2.1 Sample Preparation 

The Milli-Q water (ultra-pure water of 18.2 MΩ resistivity from a Millipore unit) was used 

for the sample preparation. Sodium chloride (NaCl, 99.5% purity), sodium bromide (NaBr, 99% 

purity), sodium iodide (NaI, 99.5% purity), potassium chloride (KCl, 99% purity), potassium 

bromide (KBr, 99% purity), potassium iodide (KI, 99.5% purity), lithium chloride (LiCl, 99% 

purity) and lithium bromide (LiBr, 99% purity) were purchased from Sigma-Aldrich and purified 

by recrystallization of the salts from respective solutions prepared with Milli-Q water. In this study, 

the salt concentrations were less than 100 mM. The solutions of low concentrations were prepared 

by first preparing a stock solution of 1 M, then diluting the stock solution of 1 M to prepare a stock 

solution of 100 mM, which in turn was used to prepare another stock solution of 10 mM, etc.  

Quasi-free droplets of salt solutions suspended between two immiscible liquids (shown in 

Figure 6.1) were used as the samples. About 50 µL of perfluoromethyldecalin, 50 µL of squalane 

and 60 mg of Milli-Q water or prepared solutions was added into each sample cell hole. Since 

perfluoromethyldecalin is denser than water and squalane is lighter than water, a droplet of dilute 

salt solution suspended between these two immiscible liquids. Salts are hardly soluble in squalane 

or perfluoromethyldecalin and we ignore their solubility in these supporting liquids. After the 

sample was placed to each hole, the sample cell was sealed by a glass slide using a vacuum grease 

(Dow Corning, High vacuum grease) at the rim.  
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6.2.2 Experimental Setup and Experimental Ramps 

The details of the experimental methods and analytical methods were described in our 

earlier publications 30, 31. The schematic illustration of the experimental setup is shown in Figure 

6.1. Briefly, it consisted of a refrigerated circulator (FPW50-HE, Julabo Company, capable of 

cooling down to 223 K if required), a custom-made cuboid Teflon (polytetrafluoroethylene) 

sample cell, a webcam (Model C922, Logitech) and a PC (DELL). After the preparation of the 

samples, the sample cell was placed on a lab jack which was adjusted to the height that half of the 

cell was submerged in the coolant. Then a glass cover was placed on the top of the refrigerated 

circulator to prevent the evaporation of the coolant.  

Similar to our earlier studies 30, 31, the linear cooling ramp method was used for the 

measurements of the nucleation rates of ice in salt solutions. For each cooling ramp, the sample 

cell was cooled rapidly from room temperature to 278 K (5 °C) and held for thermal equilibrium 

at 278 K for 15 minutes. After that, it was cooled linearly with a constant rate from 278 K (5 °C) 

to 228 K (-45 °C), until all the droplets were frozen. It is noted that 228 K was selected as the 

minimum temperature which is sufficiently low to ensure all the water droplets nucleate at the end 

of each cooling ramp. In order to compare with the results in our previous studies 30, 31, the same 

cooling rate of 0.003 K/s should be selected as the constant cooling rate in this study. Finally, the 

sample cell was warmed back to room temperature (around 293 K) within 10 min and held for 2 h 

to ensure all the water droplets melted. During the experimental ramps, a webcam controlled by 

software on a PC recorded the images of the sample cell every 1 min. Since there is always a 

difference between the real temperature in the sample cell and the temperature measured by the 

refrigerated circulator, the temperature calibrations were carried out beforehand. For the 

temperature calibration process, two thermometers (BIOS, Model#119) were inserted into 
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different positions of the Teflon sample cell. The temperatures of the various parts of the sample 

cell and those of the refrigerated circulator were recorded every 1 min. Similar to the experimental 

cooling ramp, the refrigerated circulator was programmed to cool from 278 K (5 °C) to 228 K (-

45 °C) with a constant cooling rate of 0.003 K/s. A calibration table that related the temperatures 

in the Teflon sample cell to the temperatures of the coolant measured by the refrigerated circulator 

over the range of 278 K to 228 K was obtained. It is noted that the measurement accuracy of the 

refrigerated circulator and thermometer was 0.01 K and 0.1 K, respectively.  

 

 

Figure 6.1. Schematic illustration of the experimental setup and the Teflon sample cell. Quasi-

free water or salt solution droplets were suspended between two immiscible liquids of squalane 

and perfluoromethyldecalin in each sample cell hole. After that, the sample cell was sealed and 

directly placed on a lab jack, contacted with the coolant, ethanol. 

 

6.2.3 Data Analysis 

Sudden volume expansions due to freezing were used as the signal that ice nucleation had 

taken place. The freezing temperature (Tf) of each droplet was then obtained by applying the 

calibration table. Then we derived a nucleation curve by using the analytical method described in 

references 30, 32, 33 and the procedure was described briefly as below: (1) Constructing a survival 
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curve (survival probability, F, as a function of supercooling, ∆T), where ∆T = 273 K - Tf and F 

was calculated from the number of unfrozen droplets divided by the total number of droplets at a 

given time. (2) Calculating lnF with respect to lag time, t, where t was calculated from ∆T divided 

by the experimental cooling rate, 0.003 K/s. (3) Obtaining the slope of lnF at each t by fitting an 

exponential function curve of the form A·exp(Bt) + C to lnF(t) and analytically differentiating the 

fitted curve. (4) Deriving the nucleation curve (nucleation rate as a function of supercooling, ∆T), 

where the nucleation rate was obtained by correcting each slope by a factor of -ln2.  

 

6.3 Results 

6.3.1 Nucleation Rates of Ice in Salt Solutions 

For NaCl, the survival curve is shown in Figure 6.3 (a), the corresponding natural 

logarithm of the survival probability is shown in Figure 6.3 (b), and the corresponding nucleation 

curve is shown in Figure 6.3 (c). For KCl, the result is shown in Figure 6.4. Similarly, the results 

of LiCl, NaBr, KBr, LiBr, NaI and KI are shown in Figure 6.5-Figure 6.10, respectively. The 

three fitting parameters of the exponential functions of the form A·exp(Bt) + C are summarized in 

Table 6.1.   

Table 6.1. Fitting parameters of the exponential function. 

 A B C 

NaCl 0.00087 0.00104 0.03186 

KCl 0.00012 0.00117 0.29598 

LiCl 0.00048 0.00099 0.07864 

NaBr 0.00038 0.00103 0.26252 

KBr 0.00002 0.00153 0.03005 
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LiBr 0.00106 0.00101 0.26514 

NaI 0.00003 0.00145 0.17107 

KI 0.00018 0.00117 0.13975 

 

It is noted that the values of the fitting parameters reported in Table 6.1 could be verified 

by simply plotting the experimental lnF(t) curve and the analytical lnF(t) curve and checking if 

the latter curve fit the former curve well. Take the results of LiCl as an example, the fitting 

parameters of the exponential function are reported as A=0.00048, B=0.00099 and C=0.07864. 

And the two lnF(t) curves are plotted in Figure 6.2. As shown in Figure 6.2, the analytical lnF(t) 

curve fitted perfectly with the experimental lnF(t) curve, which suggests that the values of the 

fitting parameters are reasonable. 

 

Figure 6.2. The experimental lnF(t) curve and analytical lnF(t) curve measured in quasi-free 

droplets of 1 mM LiCl solution. The lag time, t, was calculated from supercooling, ∆T, divided 

by the experimental cooling rate, 0.003 K/s. The analytical lnF(t) was in the form of A·exp(Bt) + 

C. 

 

We also note that 200 data points were measured for each salt at a given concentration. As 

mentioned in our earlier publication, the nucleation curve hardly changed with the accumulation 

of additional data after the first few hundred data points 30.  
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(a) (b) 

 

(c) 

Figure 6.3. Survival curve (a), corresponding natural logarithm of the survival curve (b) and 

nucleation curve (c) measured in quasi-free droplets of NaCl solution suspended between two 

immiscible liquids of squalane and perfluoromethyldecalin. Cooling rate was 0.003 K/s. The 

concentration of the salt was 1 mM. 

 

  

(a) (b) 
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(c) 

Figure 6.4. Survival curve (a), corresponding natural logarithm of the survival curve (b) and 

nucleation curve (c) measured in quasi-free droplets of KCl solution suspended between two 

immiscible liquids of squalane and perfluoromethyldecalin. Cooling rate was 0.003 K/s. The 

concentration of the salt was 1 mM. 

 

  

(a) (b) 

 

(c) 

Figure 6.5. Survival curve (a), corresponding natural logarithm of the survival curve (b) and 

nucleation curve (c) measured in quasi-free droplets of LiCl solution suspended between two 
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immiscible liquids of squalane and perfluoromethyldecalin. Cooling rate was 0.003 K/s. The 

concentration of the salt was 1 mM. 

 

  

(a) (b) 

 

(c) 

Figure 6.6. Survival curve (a), corresponding natural logarithm of the survival curve (b) and 

nucleation curve (c) measured in quasi-free droplets of NaBr solution suspended between two 

immiscible liquids of squalane and perfluoromethyldecalin. Cooling rate was 0.003 K/s. The 

concentration of the salt was 1 mM. 
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(a) (b) 

 

(c) 

Figure 6.7. Survival curve (a), corresponding natural logarithm of the survival curve (b) and 

nucleation curve (c) measured in quasi-free droplets of KBr solution suspended between two 

immiscible liquids of squalane and perfluoromethyldecalin. Cooling rate was 0.003 K/s. The 

concentration of the salt was 1 mM. 

 

  

(a) (b) 
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(c) 

Figure 6.8. Survival curve (a), corresponding natural logarithm of the survival curve (b) and 

nucleation curve (c) measured in quasi-free droplets of LiBr solution suspended between two 

immiscible liquids of squalane and perfluoromethyldecalin. Cooling rate was 0.003 K/s. The 

concentration of the salt was 1 mM. 

 

  

(a) (b) 

 

(c) 

Figure 6.9. Survival curve (a), corresponding natural logarithm of the survival curve (b) and 

nucleation curve (c) measured in quasi-free droplets of NaI solution suspended between two 

immiscible liquids of squalane and perfluoromethyldecalin. Cooling rate was 0.003 K/s. The 

concentration of the salt was 1 mM. 
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(a) (b) 

 

(c) 

Figure 6.10. Survival curve (a), corresponding natural logarithm of the survival curve (b) and 

nucleation curve (c) measured in quasi-free droplets of KI solution suspended between two 

immiscible liquids of squalane and perfluoromethyldecalin. Cooling rate was 0.003 K/s. The 

concentration of the salt was 1 mM. 

 

For NaCl, as shown in Figure 6.3 (a), the survival curve was in the range of 8.2 to 24.2 K, 

which was lower than that of pure water (16.2 to 27.7 K). Figure 6.3 (b) showed that the lnF curve 

had slightly steeper slopes than that of pure water at a comparable supercooling range. As shown 

in Figure 6.3 (c), the nucleation rate of ice in the presence of NaCl was slightly greater than that 

of pure water at a comparable supercooling (16 to 24 K), although the nucleation curve with NaCl 

somewhat reached the lower supercooling range. Similar to NaCl, the survival curve in the 

presence of salt LiBr was concentrated at the range of 8.1 to 25.2 K (shown in Figure 6.8 (a)). 

Figure 6.8 (b) showed that the lnF curve with dilute LiBr solution also had slightly steeper slopes 
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than that of pure water at a comparable supercooling range (16 to 25 K). Despite the nucleation 

curve with LiBr solution (shown in Figure 6.8 (c)) reached lower supercooling range, the 

nucleation rates were much less than one order of magnitude higher than that of pure water. It 

appeared that salts NaCl and LiBr had very weak to no promotion of nucleation of ice. 

Figure 6.7 (a) and Figure 6.9 (a) showed that the supercooling ranges of these two survival 

curves were 8.2 to 24.2 K for KBr and 9.3 to 24.8 K for NaI. The survival curves were concentrated 

at somewhat lower supercoolings (higher temperatures) than that of pure water. Figure 6.7 (b) and 

Figure 6.9 (b) showed that the lnF curves of these two salts were overlapping with those of pure 

water at the supercooling range of 16 to 20 K and had steeper slopes when supercooling was larger 

than 20 K. Figure 6.7 (c) and Figure 6.9 (c) showed that the nucleation curves in the presence of 

KBr and NaI crossed the nucleation curve of pure water at the point of 20 K, and the nucleation 

rates of these two salts were slightly greater than those of pure water when the supercooling was 

greater than 20 K. Since the gap in nucleation rates between these two salts and pure water was 

much less than 1 order of magnitude, KBr and NaI hardly made any difference to the nucleation 

rates of ice. 

As shown in Figure 6.4 (a), Figure 6.5 (a), Figure 6.6 (a) and Figure 6.10 (a), the survival 

curves of KCl, LiCl, NaBr and KI were in the range of 7.6 to 27.1 K, 8.9 to 29.7 K, 6.4 to 27.2 K 

and 8.8 to 25.9 K, respectively. The lower ends of the survival curves of all four salts were at 

smaller supercoolings than those of pure water, whereas the higher ends were similar to those of 

pure water. Figure 6.4 (b), Figure 6.5 (b), Figure 6.6 (b) and Figure 6.10 (b) showed that the lnF 

curves of these four salts were similar to those of pure water. The nucleation curves of ice in the 

presence of these four salts shown in Figure 6.4 (c), Figure 6.5 (c), Figure 6.6 (c) and Figure 

6.10 (c) were almost overlapping with those of pure water at a comparable supercooling range. 
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These results showed that the salts KCl, LiCl, NaBr and KI could somehow induce freezing of ice 

at higher temperatures (lower supercoolings) but barely influence the nucleation rate of ice.  

All in all, none of the eight salts investigated inhibited the nucleation of ice at 1 mM. All 

diluted salt solutions seemed to promote ice formation at a lower supercooling range, and some 

salts slightly increased the nucleation rate of ice at low supercoolings. This finding is in marked 

contrast to the previous finding that the same combinations of the monovalent salts promoted the 

nucleation of methane – propane mixed gas hydrates, suggesting that fundamental difference may 

exist between the nucleation mechanisms of ice and clathrate hydrates. 

 

6.3.2 Concentration Dependence  

Our results showed that all eight salts we investigated hardly influence the nucleation of 

ice at 1 mM. Then one of the related questions is whether increasing the salt concentrations will 

eventually thermodynamically inhibit ice nucleation. Sowa et al. 24 investigated the matter up to 

salt concentrations of 3 M and found, perhaps as expected, that these salts indeed strongly inhibited 

nucleation of ice when concentrations were larger than 1 M, except for LiBr. We note that Sowa 

et al. 24 used a glass sample cell (without suspending a water droplet), unlike in the current study. 

We expect qualitatively similar results that the salts will strongly inhibit ice nucleation in 

suspended droplets when the concentrations of the salt solutions are larger than 1 M; however, 

given the generally deeper supercoolings required for ice nucleation in suspended droplets 

compared to that in water contained in a glass sample cell, we expect the required supercoolings 

to approach the cooling power of our instrument.  

To examine the ice formation in dilute salt solutions (concentration smaller than 1 M), we 

investigated the nucleation rate of ice in chloride salt solutions of two different concentrations (100 
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mM and 1 mM). The results are shown in Figure 6.11-Figure 6.13. We again collected 200 data 

points for the determination of each nucleation curve. 

 

  

(a) (b) 

 

(c) 

Figure 6.11. Survival curves measured in quasi-free droplets of chloride salt solutions (NaCl (a), 

KCl (b) and LiCl (c)) of different concentrations suspended between two immiscible liquids of 

squalane and perfluoromethyldecalin. Cooling rate was 0.003 K/s. 
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(a) (b) 

 

(c) 

Figure 6.12. Natural logarithms of the survival curves (lnF vs ∆T) of ice measured in quasi-free 

droplets of chloride salt solutions (NaCl (a), KCl (b) and LiCl (c)) of different concentrations 

suspended between two immiscible liquids of squalane and perfluoromethyldecalin. Cooling rate 

was 0.003 K/s. 

 

  

(a) (b) 
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(c) 

Figure 6.13. Nucleation curves of ice in quasi-free droplets of chloride salt solutions (NaCl (a), 

KCl (b) and LiCl (c)) of different concentrations suspended between two immiscible liquids of 

squalane and perfluoromethyldecalin. Cooling rate was 0.003 K/s. 

 

For NaCl, as shown in Figure 6.11 (a), the survival curve measured in 100 mM solution 

was concentrated over the range of 12.6 to 25.9 K, which was somewhat lower than that of pure 

water (16.2 to 27.7 K) but higher than that of 1 mM solution (8.2 to 24.2 K). The survival curves 

measured in pure water and in 100 mM solution were almost overlapping with each other. Figure 

6.12 (a) shows that the lnF curve measured in a 100 mM solution was close to that measured in 

pure water at a comparable supercooling range but had slightly less steep slopes than that of a 1 

mM solution. The nucleation curves (shown in Figure 6.13 (a)) measured in dilute NaCl solutions 

with two different concentrations were similar with those of the pure water since the difference of 

the nucleation rates was much less than 1 order of magnitude at the same supercooling although 

the nucleation curves measured in the presence of NaCl reached lower supercooling ranges. 

For KCl, Figure 6.11 (b) showed that the survival curves measured in dilute solutions were 

in the supercooling ranges of 10.9 to 26.7 K and 8.9 to 29.7 K for 100 mM and 1 mM, respectively. 

The lower ends of the survival curves of KCl solutions were at smaller supercoolings than those 

of pure water, whereas the higher ends were similar to those of pure water. And the three survival 

curves were almost overlapping with each other in a comparable supercooling range (around 16 to 

27 K). Figure 6.12 (b) shows that the lnF curves measured in KCl solutions with two different 

concentrations were similar to that of the pure water. And the nucleation curves (shown in Figure 

6.13 (b)) measured in KCl solutions and in pure water were almost overlapping with each other, 

which indicated that the dilute KCl solutions (less than 100 mM) had no effect on the nucleation 

of ice. 



 166 

Similar to KCl, the survival curves (shown in Figure 6.11 (c)) measured in LiCl solutions 

with two different concentrations were close to those of the pure water. Figure 6.12 (c) and Figure 

6.13 (c) show that the lnF curves and nucleation curves of dilute LiCl solutions were almost 

overlapping with the curves measured in pure water. 

To be concluded, the nucleation rate of ice was independent of the salt concentration when 

the concentrations were 100 mM or lower. These three salts hardly had an influence on the 

nucleation rate of ice when the concentration of the solution was less than 100 mM. 

 

6.4 Discussion 

6.4.1 Effect of Monovalent Ions on Ice Nucleation 

Since some of the monovalent salts share some similarities and differences (e.g., NaCl, 

NaBr and NaI have the same cation Na+ but with different anions), it is interesting to compare and 

discuss the effect of monovalent ions on ice nucleation. To discuss the effect of cations, we 

compared the survival curves and nucleation curves measured in NaCl, KCl and LiCl solutions. 

And the results are shown in Figure 6.14. Similarly, we compared the survival curves and 

nucleation curves measured in NaCl, NaBr and NaI solutions (shown in Figure 6.15) to discuss 

the effect of anions on ice nucleation.  
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(a) (b) 

Figure 6.14. Survival curves (a) and nucleation curves (b) measured in three different chloride 

salt solutions. The cooling rate is 0.003 K/s and salt concentration is 1mM. 

 

  

(a) (b) 

Figure 6.15. Survival curves (a) and nucleation curves (b) measured in three different sodium salt 

solutions. The cooling rate is 0.003 K/s and salt concentration is 1mM. 

 

As for the impact of cations, as shown in Figure 6.14 (a), the survival curve measured in 

NaCl solution was concentrated at the lowest supercooling range (highest temperature range) 

among these three chloride salts, while the supercooling range measured in LiCl solution was 

slightly lower than that of pure water. And the survival curve measured in KCl solution was almost 

overlapping with that of pure water. Figure 6.14 (b) shows the nucleation curves of KCl and LiCl 

were almost overlapping with those of pure water, while the nucleation rate measured in NaCl 

solution was slightly higher than that of pure water at the same supercooling. Therefore, we could 

conclude that although these three chloride salts hardly influence the nucleation rates of ice, they 

could somewhat promote ice to nucleate at a lower supercooling range (higher temperature range). 

And the impact of cations could be ranked as Na+ > Li+ > K+. 

As for the impact of anions, Figure 6.15 (a) shows that the survival curves were 

concentrated from low to high supercooling ranges in the sequence of NaCl, NaI and NaBr. As 
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shown in Figure 6.15 (b), the nucleation curve measured in NaBr solution was almost overlapping 

with that of pure water. And the nucleation rates measured in NaCl and NaI solutions were slightly 

higher than those of pure water at a comparable supercooling range (16 to 23 K). Similar to the 

comparison of cations, the impact of anions on supercooling degree of ice nucleation could be 

ranked as Cl- > I- > Br-. 

 

6.4.2 Comparison with the Literature Data 

Few people reported the nucleation rate of ice in diluted salt solutions. Sowa et al. measured 

the survival curves with respect to ice formation in monovalent salt solutions and reported the most 

probable supercooling over a broad range of concentrations 24. Since Sowa et al. did not report the 

nucleation rates, we here only compare the most probable supercooling of different salt solutions 

at a concentration of 1 mM, and the results are summarized in Table 6.2. The most probable 

supercooling in our study was chosen as the supercooling that corresponded to the survival 

probability of 50%, and Sowa et al.’s results were obtained from the Figure 5 in ref. 24.  

 

Table 6.2. Comparison of the most probable supercooling values with Sowa et al.’s results. 

 Sowa et al.’s results Our results 

Pure water 14 K 22.6 K 

NaCl 6 K 19.1 K 

KCl 12 K 23.4 K 

LiCl 13 K 22.2 K 

NaBr 8 K 23.3 K 

KBr 14 K 21.0 K 
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LiBr 14 K 20.6 K 

NaI 14.5 K 21.3 K 

KI 14.5 K 21.8 K 

 

Sowa et al. 24 used 200 µL of a salt solution in a glass tube, whereas we used 60 µL of 

quasi-free droplets. It is thus expected that the supercooling values in Sowa et al. results would be 

smaller than ours because both a larger volume and the presence of a solid wall would increase the 

nucleation rate of ice. According to the probability distribution and the most probable supercooling, 

Sowa et al. qualitatively concluded from their results that the dilute monovalent salt solutions had 

a very weak to no promotion of ice nucleation. Since our results showed that all dilute monovalent 

salt solutions had negligible effects on ice nucleation when concentrations were less than 100 mM, 

either from the most probable supercoolings shown in Table 6.2 or from the nucleation rates 

quantified in the RESULTS part, it appeared that our results were in agreement with Sowa et al.’s 

results. It is noted that Sowa used a much faster cooling rate (0.05 K/s) than that of our experiments 

(0.003 K/s). They reported the width of the probability were around 3 to 4 K for KI and LiI salt 

solutions and 1 to 2 K for other salt solutions when concentration was 1 mM, which was much 

narrower than our results (around 20 K for KCl, LiCl and NaBr salt solutions and 15.5 to 17 K for 

other salt solutions at the same concentration of 1 mM). However, it is unclear as to whether this 

finding was a result of the use of a fast cooling rate that compressed the survival curves or not. 

Miyata et al. 22 investigated the ice nucleation temperatures of aqueous alkali halide 

solutions as a function of salt concentration (0.5 - 5 mol/kg). They reported that the cationic effect 

on nucleation temperature increased with the decreasing ionic radius, while the anionic effect 

increased with the increasing ionic radius 22. Since they did not report the nucleation rates and their 
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study was entirely over the high concentration range (0.5-5 mol/kg), their nucleation data would 

not be directly comparable to our results. Qualitatively, we found that all salt solutions made little 

difference to the nucleation rate of ice at a concentration of 1 mM, then neither the type of cations 

nor anions impact the nucleation rate. The results are in agreement with Sowa et al.’s results and 

are different from Miyata et al.’s results. We may consider there are two causes for the differences: 

(1) Miyata et al. 22 did not derive the nucleation rates and the ionic effects could be different if the 

nucleation rates were used as the measure of comparisons; and (2) according to Fig. 1 and Fig. 3 

in reference 22, the difference in the nucleation temperatures among the different cations or anions 

decreased with the concentration. At the concentration of 1 mol/kg, the nucleation temperatures of 

different cations or anions were quite similar. Then it is reasonable to speculate that the cationic 

effect or the anionic effect would become insignificant as there were diluted to the low 

concentrations of our range (1 mM or lower) because the effect of the electrostatic forces caused 

by the cations, the viscosity effect and the disruptive action of the halide ions on the water structure, 

which were considered to be the leading mechanisms behind the ionic effects in the reference 22, 

would be weak at such low concentrations.  

 

6.4.3 Nucleation Mechanisms of Ice and Clathrate Hydrates in Salt Solutions 

It is interesting that Sowa et al. 24 reported that all dilute monovalent salt solutions had 

almost no effect on the nucleation of ice, which is in agreement with our findings, but some of the 

monovalent salts acted as kinetic promoters for the nucleation of methane-propane mixed (C1/C3) 

gas hydrates formation at similarly low concentrations, which suggested that a fundamental 

difference may exist between the nucleation mechanisms of ice and clathrate hydrates.  
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One potential reason might be that the nucleation of ice could be either surface nucleation 

or bulk nucleation 12, whereas the nucleation of hydrates occurs at the water – guest gas interface. 

Due to the low solubility of non-polar gases (e.g., methane, propane, etc.) in water and the mass 

transfer limitation, the nucleation of hydrates occurs at the gas-water interface, which has the 

highest concentrations of the guest gases 34, 35. The solubility of such non-polar gases would be 

reduced in the presence of salts due to the salting-out effect 24. It has been known that different 

types of salts or ions distribute at different distances from a gas – aqueous interface since they have 

different affinity to the interface, which is known as ion specificity or ion surface propensity 36. 

Such local reductions of the guest gas solubility in the aqueous phase would in turn impact the 

nucleation rate of clathrate hydrates. Simply put, the salt or ion that has a high affinity to the gas 

– aqueous interface (that positively adsorb in accordance with the Gibbs adsorption isotherm) 

would reduce the local solubility of the guest gas where the nucleation of clathrate hydrate takes 

place, whereas the salt or ion that has a poor affinity to the gas – aqueous interface (that negatively 

adsorb in accordance with the Gibbs adsorption isotherm)  would not impact the local solubility 

of the guest gas where the nucleation of clathrate hydrate takes place (the nucleation rate of the 

clathrate hydrate would remain similar to that of pure water).  

Sowa et al. reported that dilute iodide salt solutions could promote the nucleation of C1/C3 

hydrates by about 2 to 4 K compared to that of pure water 24. One possible reason is that the ions 

might help re-orientating the water molecules around them, and if such orientations of the water 

molecules happen to resemble the structure of the clathrate hydrates, then the presence of such 

ions may promote the nucleation of clathrate hydrates (despite being thermodynamically 

inhibitive). It is noted that Sowa et al. only reported the most probable supercoolings of the 
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nucleation of either ice or clathrate hydrates and did not go so far as to quantify the nucleation 

rates of clathrate hydrates in these dilute monovalent salt solutions. 

 

6.5 Conclusions 

We used the quasi-free droplet system for investigating the impact of diluted salt solutions 

(100 mM or lower) on ice nucleation. The results showed that the dilute monovalent salts had 

negligible influence on the nucleation rates of ice. And the nucleation rate of ice was independent 

of the concentration when the concentrations were 100 mM or lower. Our results are in agreement 

with Sowa et al.’s results, reporting a very weak to no promotion of ice nucleation in dilute 

monovalent salt solutions, and are in marked contrast to the previous finding that the same 

combinations of the monovalent salts promoted the nucleation of methane – propane mixed gas 

hydrates, suggesting that fundamental difference may exist between the nucleation mechanisms of 

ice and clathrate hydrates. 
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CHAPTER 7 NUCLEATION OF CO2 HYDRATE IN QUASI – FREE DROPLETS OF 

DILUTE ELECTROLYTES 

 

A version of this chapter has been submitted to Energy & Fuels and currently under peer-
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Abstract 

Salts are known to be thermodynamic inhibitors for gas hydrates at high concentrations by 

lowering the activity of water and shifting the phase boundary of gas hydrates to lower 

temperatures and higher pressures. However, some salts have been reported to kinetically promote 

the formation of gas hydrate at low concentrations. Studies on kinetic promotions of clathrate 

hydrate formation in dilute salt solutions are rare and the mechanisms are poorly understood. The 

impact of solid walls on heterogeneous nucleation of gas hydrates is complex and depends on the 

nature of the solid walls and it is difficult to decouple the impact of solid walls from that of dilute 

electrolytes when they are present. In particular, a solid wall often becomes charged when in 

contact with an aqueous phase and the binding of the counter ions to the solid wall in an aqueous 

phase further complicates the investigations of heterogeneous nucleation of gas hydrates. Here we 

investigated the nucleation rates of CO2 hydrate in quasi-free droplets of sodium chloride (NaCl) 

and potassium iodide (KI) at low concentrations (≤ 10 mM). The results showed that NaCl 

solution had no inhibition effect while KI solution had a weak promotion effect at low 

concentrations and the nucleation rates were largely independent of the salt concentrations up to 

10 mM. The impacts of dilute NaCl and KI solutions on the nucleation of CO2 hydrate in this study 

were broadly similar to the previous findings of the methane – propane mixed gas hydrates in 

Sowa et al.’s study 1.  
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7.1 Introduction 

Clathrate hydrate is a multi-component system in which the “guest” gas molecules are 

trapped in the cages of “host” water molecules2, 3. It looks similar to ice but clathrate hydrate could 

form at the temperatures above the “ice-point”, depending on the pressure and the type of the guest 

gases4.   Some typical guest gases for clathrate hydrate include methane (CH4), ethane (C2H6), 

propane (C3H8), carbon dioxide (CO2), cyclopentane, Tetrahydrofuran (THF), etc.5, 6. The crystal 

structures of clathrate hydrates are mainly sI, sII and sH but other uncommon crystal structures 

like structure III – VII and T have also been reported to form for some guests under certain 

conditions2, 7. 

Clathrate hydrate has potential applications in energy storage8, 9, gas separation10, 11, CO2 

capture and sequestration12, 13, water desalination14, 15 and others. On the other hand, in the oil and 

gas industry, the formation of natural gas hydrates could cause flow assurance problems in 

flowlines and destroy the structural integrity of the pipelines or surface facilities if it is not 

controlled properly 16. We wish to be able to promote the nucleation of clathrate hydrate for gas 

storage applications and other instances where hydrate formation is desired, while we wish to be 

able to inhibit the nucleation of clathrate hydrate in other cases where hydrate formation is to be 

avoided. 

Salts have been known to be thermodynamic inhibitors for clathrate hydrate formation and 

they have been studied for years by both computational and experimental methods17. Hsieh et al. 

presented a computational method (“PRSV + MHV1 + COSMOSAC + vdW-P method”) for 

modelling the phase behavior of gas hydrates in the presence of different saline inhibitors18. Bai et 

al. demonstrated that the NaCl solutions with a concentration of 3.5 wt.% had a clear inhibition 

effect on both the nucleation and the growth stages of the CH4 hydrate formation by a molecular 
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dynamics simulation method19. Liu at el. simulated the formation of CO2 hydrate from NaCl 

solutions (concentration range from 0 to 20 wt.%) at a molecular level20 and reported that the 

formation rate of CO2 hydrate decreased with the increasing concentration of salt solutions, and 

the salt ions could not enter or absorb on the water molecule cages during the formation process. 

Maekawa experimentally determined the equilibrium conditions for methane-ethane mixed gas 

hydrate in 3.0 wt.% NaCl solution and reported that the addition of the salt solution shifted the 

equilibrium conditions of the methane-ethane mixed gas hydrate to a lower temperature at a 

constant pressure21.  

Although salts have been well known as thermodynamic inhibitors, some salts have been 

reported to act as kinetic promoters of clathrate hydrates at low concentrations. Farhang et al. 

determined the impact of sodium halides (NaF, NaCl, NaBr and NaI) on the formation of CO2 

hydrate and concluded that the effect of sodium halide solutions on CO2 hydrate kinetics transited 

from inhibition to promotion when the concentration was lower than 50 mM22. Sowa et al. 

investigated the formation of methane – propane mixed gas hydrate in various salt solutions over 

a broad range of concentrations (10-5 to 3 M) and reported that some salt solutions (e.g., LiBr, NaI, 

CaCl2, NH4I, etc.) promoted gas hydrate formation at concentrations below 100 mM1, 23. Asadi et 

al. reported that the alkali metal chlorides and sodium halides at low concentrations decreased the 

induction time and kinetically promoted the formation methane hydrate24. They proposed that the 

ion-specific effects and the increased mass transfer due to the formation of small gas bubbles might 

be the mechanisms24. However, none of the above experimental studies reported the nucleation 

rate of clathrate hydrates in dilute salt solutions free of solid contacts.  

The impact of solid walls on heterogeneous nucleation of gas hydrates is complex and 

depends on the nature of the solid walls and it is difficult to decouple the impact of sold walls from 
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that of dilute electrolytes when they are present. In particular, a solid wall often becomes charged 

when in contact with an aqueous phase and the binding of the counter ions to the solid wall in an 

aqueous phase further complicates the investigations of heterogeneous nucleation of gas hydrates. 

To this end, here we investigate and report the nucleation rate of CO2 hydrate in dilute electrolytes 

in the absence of a solid wall. 

Nucleation of gas hydrate in dilute salt solutions is relevant to oil & gas industry as there 

is always some amount of salts in offshore pipelines that may impact the formation of hydrates24. 

In addition, the kinetic studies on CO2 hydrate formation, especially the nucleation rates, have been 

rare 22. To this end, we investigated the nucleation rates of CO2 hydrate formation in quasi-free 

droplets of dilute salt solutions in this study. The studied salts were sodium chloride (NaCl), 

sodium iodide (NaI), and potassium iodide (KI).  

 

7.2 Materials and Methods 

7.2.1 Sample Preparation 

Milli-Q water (ultra-pure water of 18.2 MΩ resistivity from a Millipore unit) was used for 

the sample preparation. Sodium chloride (NaCl, 99.5% purity), sodium iodide (NaI, 99.5% purity) 

and potassium iodide (KI, 99.5% purity) were purchased from Sigma-Aldrich and purified by 

recrystallization of the salts from respective solutions prepared with Milli-Q water. In this paper, 

the salt concentrations were 10-5 M to 10 mM. The dilute salt solutions were prepared by first 

preparing a stock solution of 1 M, then diluting the stock solution of 1 M to prepare a stock solution 

of 100 mM, which in turn was used to prepare another stock solution of 10 mM, etc. 
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(a) (b) 

Figure 7.1. Photos of the sample cell (side view (a) and top view (b)). After the cleaning 

procedure, a thin layer of perfluoromethyldecalin was placed to the bottom of a glass Petri dish 

as the supporting liquid. 20 µL of salt solution was added to each hole and the droplet sat on top 

of the denser perfluoromethyldecalin layer. 

 

The sample cell is consisted of a custom-made cylindrical Teflon (polytetrafluoroethylene) 

block with 31 circular through-holes and a Pyrex glass Petri dish (dimensions: 50 mm in diameter, 

20 mm in height). Figure 7.1 shows the photos of the sample cell (both side view (a) and top view 

(b)). The dimensions of the Teflon block are 45 mm in diameter and 15 mm in height, while each 

vertical through-hole is 5 mm in the inner diameter. After cleaning both the glass dish and Teflon 

block with sodium hydroxide (NaOH, 97% purity, purchased from Fisher Chemical and used as 

received) solution, a thin layer of perfluoromethyldecalin (technical grade, 80% purity) was 

applied to the bottom of the glass Petri dish as the supporting liquid. Around 20 µL of prepared 

salt solution was added into each vertical hole of the Teflon block by applying the Eppendorf 

pipette (Eppendorf Research, 2-20 µL). Since perfluoromethyldecalin is denser than water, the 

droplet of salt solution would float at the surface of the perfluoromethyldecalin layer. It is noted 

that the solubility of salts in perfluoromethyldecalin is negligible. After preparing the sample cell, 

the glass Petri dish with the Teflon block was placed at the center of the pressure chamber, and 

then the lid of the pressure chamber was closed and sealed. 
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7.2.2 Experimental Setup 

The details of the experimental high-pressure setup were described in the reference 25. 

Briefly, the high-pressure setup (shown in Figure 7.2) consisted of a CO2 gas cylinder (99.5% 

purity for CO2 gas, supplied by Linde Welding and Supplies), a 2-stage vacuum pump (model: 

VP10D, CPS Products Inc.), a pressure transducer (model: PM, Heise), a gas piston (model: ZR-

3), an ISCO syringe pump (model: 260X, Syrixus) and a high-pressure chamber with the sample 

cell placed in it. And the function of each part of the high-pressure setup is listed in Table 7.1. 

 

Table 7.1. The function of each part of the high-pressure setup 

Equipment Function 

CO2 gas cylinder The CO2 gas source for the experiments 

Vacuum pump Remove the air in gas lines, gas piston and the high-

pressure chamber at the beginning of the experiments 

Pressure transducer Monitor the pressure inside the high-pressure chamber 

Gas piston Applied for the CO2 replenishment into the high-

pressure chamber ISCO syringe pump 
Pressurize and maintain the constant pressure during 

the experiments 

High-pressure chamber The reactor for CO2 hydrate formation 

 

A schematic illustration which describes the details of the high-pressure chamber is shown 

in Figure 7.3. The high-pressure chamber was supported by two lab jacks in a programmed 

refrigerated circulator (model: FPW50-HE, Julabo Company), submerging in the coolant of 

ethanol. During the experimental cooling ramps, the images of the sample cell could be recorded 

through the two windows located above and below the high-pressure chamber, aiding by the light 

guides (model: CL 4500, ZEISS) and the mirror reflection. 
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Figure 7.2. Schematic illustration of the high-pressure setup. It mainly consisted of a gas 

cylinder, a vacuum pump, a pressure transducer, a gas piston, an ISCO pump and a high-pressure 

chamber. 

 

 

Figure 7.3. Schematic illustration of the high-pressure chamber. It was supported by two lab 

jacks in the refrigerated circulator, partially submerged in the coolant of ethanol. After the 

sample preparation, the sample cell was placed at the center of the high-pressure chamber, the lid 

was closed and sealed. The images of the sample cell were recorded by a camera through the top 

window during the experimental cooling ramps. 
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7.2.3 Experimental Procedures 

After preparing the sample cell, it was placed into the high-pressure chamber, after which 

the lid of the chamber was closed and sealed. At this time, only valves IV and V (shown in Figure 

7.2) were open. To diminish the impact of air, the vacuum pump was applied to remove all the air 

inside the gas lines, the gas piston and the high-pressure chamber with the valves II and III open. 

And the vacuum pump was disconnected from the main gas lines when the pressure value shown 

on the panel of the pressure transducer reached -5 psi. After that, the gas cylinder was connected 

to the main gas lines by opening valve I. When pressurized to 25 psi, valve VII was opened for 1-

2 min to allow the CO2 gas flush the gas lines, the gas piston and the high-pressure chamber. A 

leak check was performed when the reading of the pressure transducer reached 120 psi, and the 

CO2 pressure inside the high-pressure chamber was gradually increased to 435 psi (3 MPa) after 

confirming the absence of gas leaking. Once the high-pressure chamber was pressurized to 435 

psi, the gas cylinder was disconnected with the main gas lines by closing valve I. And the ISCO 

syringe pump was applied to maintain the constant pressure during the cooling ramp. The 

refrigerated circulator was programmed to cool at a constant rate of 0.4 K/h, and the camera was 

set to record the images of the sample cell at a time interval of 1 min. It is noted that only valves 

IV and V were open during the experimental cooling ramps. 

 

7.2.4 Data Analysis 

Typical photos of the top view of the sample cell at different stages of the cooling ramp 

are shown in Figure 7.4. All the droplets were transparent at the beginning of each experimental 

cooling ramp (Figure 7.4a). With cooling, CO2 hydrate formed on some droplets and the droplets 
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became opaque (shown in Figure 7.4b). Eventually, all the sample droplets became opaque, 

indicating CO2 hydrate formed on all sample droplets by the end of the experimental cooling ramp 

(shown in Figure 7.4c). It is noted that there was no volume expansion observed during the 

experiments, which indicated that CO2 hydrate formed instead of ice. By combining the linear 

cooling program set on the refrigerated circulator and the images showing the moment that CO2 

hydrate formed for each droplet, the hydrate nucleating temperature shown on the panel of the 

refrigerated circulator of each droplet was obtained after each experimental cooling ramp. Since 

there’s always a difference between the real temperature of the droplets and the temperature that 

shown on the panel of the refrigerated circulator, a temperature calibration was carried out first. 

After calibration, the “real” nucleation temperature (Tf) of each droplet was obtained as the raw 

data for the experiments. 

 

  

(a) (b) 
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(c) 

Figure 7.4. Photos of CO2 hydrate formed on droplets of dilute salt solutions. During each 

experimental cooling ramp, all the droplets were transparent and liquid at the beginning (a). With 

cooling, CO2 hydrate formed on some droplets (b). Eventually, all the droplets nucleated and 

became opaque at the end of the cooling ramp (c). 

 

After obtaining the raw data, the survival curve and nucleation curve were derived by using 

the analytical method described in the earlier publications25-28. The procedure could be concluded 

as below: (1) obtaining the supercooling (∆T) of each droplet, where ∆T = Tequilibrium - Tf. (2) 

constructing the survival curve that survival probability, F, as a function of ∆T, where F was 

calculated from the number of unnucleated droplets divided by the total number of droplets at a 

given time. (3) Calculating lnF with respect to the lag time (t), where t was calculated from ∆T 

divided by the real sample cooling rate (derived from the calibration table). (4) fitting an 

exponential function curve with the form of A·exp(Bt) + C to the curve lnF(t) and obtaining the 

slope of lnF at each t by analytically differentiating the fitted curve. (5) deriving the nucleation 

rate as a function of ∆T, where the nucleation rate was calculated from correcting each slope by a 

factor of -ln2.  
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7.3 Results 

7.3.1 Nucleation Rates of CO2 Hydrate in Dilute Salt Solutions 

For NaCl, the survival curve is shown in Figure 7.5, the corresponding natural logarithm 

of the survival probability and the nucleation curve are shown in Figure 7.6 and Figure 7.7, 

respectively. Similarly, the results for KI are shown in Figure 7.8-Figure 7.10. It is noted that the 

experimental results measured in pure water were the same as those in reference 25. We also noted 

that the concentration of these two salts was 1 mM, and around 120 data points were collected for 

deriving the nucleation curve for each salt.  

For NaCl, Figure 7.5 shows that the required supercooling for nucleation of CO2 hydrate 

was 4.5 to 14.5 K, which was similar to that of pure water (4.3 to 15.3 K). The supercooling width 

of the survival curve of the 1 mM NaCl solution (10 K) was slightly narrower than that of pure 

water (11 K). Figure 7.6 shows that the lnF curve of the 1 mM NaCl solution had steeper slopes 

than that of pure water at the supercooling range of 12 to 14.5 K. Figure 7.7 shows that the 

nucleation rate of CO2 hydrate in the presence of NaCl was similar to that of pure water. We 

conclude that 1 mM NaCl had negligible impact on the nucleation of CO2 hydrate.  
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Figure 7.5. Survival curves of CO2 hydrate measured in quasi-free droplets of pure water and 1 

mM NaCl solution. The linear cooling rate was 0.4 K/h. 

 

 

Figure 7.6. Natural logarithm of the survival curves of CO2 hydrate in quasi-free droplets of pure 

water and 1 mM NaCl solution. 

 



 190 

 

Figure 7.7. Nucleation curves of CO2 hydrate measured in quasi-free droplets of pure water and 

1 mM NaCl solution. 

 

For KI, as shown in Figure 7.8, the supercooling range of the survival curve was 7.3 to 

14.7 K. The survival curve of the 1 mM KI solution was very close to that of pure water but had a 

narrower supercooling width. Figure 7.9 shows that the lnF curve of the KI solution was almost 

overlapping with that of pure water at the supercooling range of 7 to 13 K and had steeper slopes 

than that of pure water over the supercooling range of 13 to 15 K. As shown in Figure 7.10, the 

nucleation rate of the 1 mM KI solution somewhat greater than that of pure water at a comparable 

supercooling range but the difference was no greater than 1 order of magnitude. The results showed 

that 1 mM KI solution had a weak promotion effect on the formation of CO2 hydrate. 
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Figure 7.8. Survival curve of CO2 hydrate in quasi-free droplets of pure water and 1 mM KI 

solution. The cooling rate used was 0.4 K/h. 

 

 

Figure 7.9. Natural logarithm of the survival curves of CO2 hydrate in quasi-free droplets of pure 

water and 1 mM KI solution. 
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Figure 7.10. Nucleation curves of CO2 hydrate in quasi-free droplets of pure water and 1 mM KI 

solution. 

 

7.3.2 The Concentration Dependence 

Neither NaCl nor KI inhibited the formation of CO2 hydrate at 1 mM. However, we expect 

all salts to thermodynamically inhibit formation of clathrate hydrates at sufficiently high 

concentrations. We thus investigated the nucleation rate of CO2 hydrate in NaCl and KI solutions 

of three different concentrations (10 mM, 1 mM and 10-5 M). The results for NaCl solutions are 

shown in Figure 7.11-Figure 7.13, and the results for KI solutions are shown in Figure 7.14-

Figure 7.16. We again collected 120 data points for the determination of each nucleation curve.  

Figure 7.11 shows that the survival curves of CO2 hydrate in dilute NaCl solutions shifted 

toward slightly greater supercoolings with the increasing concentration up to 10 mM. However, 

the lnF curves shown in Figure 7.12 and the nucleation curves shown in Figure 7.13 were both 

similar to each other over the concentration range investigated.  We thus conclude that the 

nucleation rate of CO2 hydrate in NaCl solutions was largely independent of the salt concentration 

up to 10 mM.  
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Figure 7.11. Survival curve of CO2 hydrate in quasi-free droplets of pure water and dilute NaCl 

solutions of different concentrations (from 10-5 to 10-2 M). The cooling rate used was 0.4 K/h. 

 

 

Figure 7.12. Natural logarithm of the survival curve of CO2 hydrate in quasi-free droplets of pure 

water and dilute NaCl solutions of different concentrations (from 10-5 to 10-2 M). 
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Figure 7.13. Nucleation curve of the survival curve of CO2 hydrate in quasi-free droplets of pure 

water and dilute NaCl solutions of different concentrations (from 10-5 to 10-2 M). 

 

For KI, Figure 7.14 and Figure 7.15 show that the survival curves and the lnF curves of 

CO2 hydrate in dilute KI solutions were similar to that of pure water up to 10 mM. The nucleation 

curves in Figure 7.16 show that KI weakly promoted the formation of CO2 hydrate over the 

concentration range investigated and that this promotion effect was largely independent of the 

concentration of KI up to 10 mM.  
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Figure 7.14. Survival curves of CO2 hydrate in quasi-free droplets of pure water and dilute KI 

solutions of different concentrations (from 10-5 to 10-2 M). The cooling rate used was 0.4 K/h. 

 

 

Figure 7.15. Natural logarithm of the survival curves of CO2 hydrate in quasi-free droplets of 

pure water and dilute KI solutions of different concentrations (from 10-5 to 10-2 M). 
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Figure 7.16. Nucleation curves of CO2 hydrate in quasi-free droplets of pure water and dilute KI 

solutions of different concentrations (from 10-5 to 10-2 M). 

 

7.4 Discussion 

In our earlier study on ice, the survival curve of ice in quasi-free droplet of 1 mM NaCl 

solution was over the supercooling range of 8.2 to 24.2 K (the temperature range of -8.2 to -

24.2 °C)29. Thus, it is clear that CO2 hydrate formed on the quasi-free droplets of 1 mM NaCl 

solution in the current study was in the absence of ice because the range of the survival curve was 

4.5 to 14.5 K, which corresponded to the temperature range of 2.5 to -7.5 °C. Additionally, no 

volume expansion that is characteristic of freezing of water was observed in the current study.  

Our results showed that neither NaCl nor KI inhibited the nucleation of CO2 hydrate at the 

concentration of 1 mM. And the nucleation rates measured in these two salt solutions were largely 

independent of salt concentrations when the concentrations were 10 mM or lower. However, 

increasing the salt concentrations should thermodynamically inhibit the nucleation of CO2 hydrate. 

To this end, we investigated the nucleation of CO2 hydrate in 100 mM KI solution and the survival 

curve is showed in Figure 7.17. It is noted that only 19 out of the first 62 samples nucleated before 
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the end of the experimental ramps. The lowest temperature of the experimental cooling ramps was 

set to -8.5 °C because in our earlier study we found that the survival curve of ice in quasi-free 

droplet of 1 mM KI solution was over the supercooling range of 8.8 to 25.9 K (the temperature 

range of -8.8 to -25.9 °C) 29. Though the survival curve was incomplete, it appears clear that the 

survival curve of 100 mM KI solution shifted to much deeper supercoolings than that of pure water, 

which suggests that the 100 mM was already a high enough concentration that thermodynamically 

inhibited the nucleation of CO2 hydrate.  

 

Figure 7.17. The survival curve measured in quasi-free droplets of 100 mM KI solution. To 

avoid the presence of ice, the lowest temperature of each experimental ramp was set to be around 

-8.5 °C for the droplet samples. Since only 19 out of 62 droplets were nucleated at the end of the 

experimental ramps, the survival curve of 100 mM KI solution was an incomplete curve. 

 

7.4.1 Effect of Individual Monovalent Ions on the Nucleation of CO2 Hydrate  

To compare the impact of NaCl and KI on the nucleation rate of CO2 hydrate, we also 

investigated the nucleation rate of CO2 hydrate in NaI solution at the concentration of 1 mM. We 

first compare the experimental results of dilute NaI and KI solutions in Figure 7.18-Figure 7.20 

to discuss the impact of monovalent cations on the nucleation of CO2 hydrate. We then compare 
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the experimental results of dilute NaI and NaCl solutions in Figure 7.21-Figure 7.23 to discuss 

the impact of monovalent anions on the nucleation of CO2 hydrate.  

Figure 7.18-Figure 7.20 show that the highest supercooling of the survival curve and 

nucleation curve measured in 1 mM NaI solution was similar to that in 1 mM KI solution but the 

width of the survival curve of the 1 mM NaI solution was somewhat narrower. The nucleation 

rates of CO2 hydrate in the 1 mM KI solution and in the 1 mM NaI solution were both slightly 

greater (no more than 1 order of magnitude) than that in pure water, which indicated that both KI 

and NaI weakly promoted the nucleation of CO2 hydrate. However, the impact of the monovalent 

cations on the nucleation of CO2 hydrate seemed to be unclear. 

 

Figure 7.18. Survival curves of CO2 hydrate in quasi-free droplets of 1 mM KI and NaI 

solutions. The cooling rate used was 0.4 K/h. 
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Figure 7.19. Natural logarithm of the survival curves of CO2 hydrate in quasi-free droplets of 1 

mM KI and NaI solutions. 

 

 

Figure 7.20. Nucleation curves of CO2 hydrate in quasi-free droplets of 1 mM KI and NaI 

solutions. 

 

Figure 7.21-Figure 7.23 show that the survival curve measured in 1 mM NaI solution had 

a similar average supercooling but narrower width than that measured in pure water, resulting in 

higher nucleation rates. CO2 hydrate seemed to require somewhat greater supercoolings in 1 mM 
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NaCl solution than in 1 mM NaI solution or pure water. 1 mM NaI weakly promoted the nucleation 

of CO2 hydrate while the impact of 1 mM NaCl was negligible. Therefore, I- is somewhat more 

promoting than Cl-. It appears that the larger anions are more conducive to the nucleation of CO2 

hydrate. 

 

 

Figure 7.21. Survival curves of the formation of CO2 hydrate measured in quasi-free droplets of 

dilute NaCl and NaI solutions at the concentration of 1 mM. 0.4 K/h was used as the cooling 

rate. 
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Figure 7.22. Natural logarithm of the survival curve of the formation of CO2 hydrate measured in 

quasi-free droplets of dilute NaCl and NaI solutions at the concentration of 1 mM. 0.4 K/h was 

used as the cooling rate. 

 

 

Figure 7.23. Nucleation curves of the formation of CO2 hydrate measured in quasi-free droplets 

of dilute KI and NaI solutions at the concentration of 1 mM. 0.4 K/h was used as the cooling 

rate. 

 

Lu et al. reported that the thermodynamic stability conditions (the phase boundaries) of gas 

hydrates (CO2 hydrate, methane hydrate and propane hydrate) in concentrated (> 200 mM) salt 
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solutions were mainly determined by the type of anions 30. Farhang et al. presented the 

experimental studies on the formation of CO2 hydrate in sodium halides from the kinetic point of 

view 22 and they observed that the gas uptake rate after 24 h and the maximum growth rate of CO2 

hydrate were higher in  concentrated (25 to 500 mM) salt solutions of larger anions (I- > Br- > Cl- > 

F-). Although the concentration ranges of the salt solutions investigated were vastly different from 

ours, it is interesting that Farhang et al. also found that the larger anions were more conducive to 

the formation of CO2 hydrate 22. 

 

7.4.2 Comparison Between Ice, C1/C3 Mixed Gas Hydrate and CO2 Hydrate Formation 

To obtain further insight into the nucleation of CO2 hydrate in dilute salt solutions, we 

compared the experimental results in this study to our earlier study on the nucleation of ice in 

dilute salt solutions 29 and to Sowa et al.’s study on the formation of 90 mol% methane – 10 mol% 

propane (C1/C3) mixed gas hydrate 1.  

Our earlier study on ice showed that the 1 mM NaCl solution had a weak to no promotion 

effect on ice nucleation while the 1 mM KI solution could lower the required supercoolings (higher 

temperatures) for freezing with negligible change in the nucleation rate of ice. These earlier 

findings on ice are similar to the results of the current study that 1 mM NaCl solution had negligible 

effect on the nucleation of CO2 hydrate while 1 mM KI solution had a weak promotion effect.  

Sowa et al. investigated the C1/C3 hydrate formation in different monovalent salt solutions 

over a concentration range of 10-5 to 3 M 1. Since they did not report the nucleation rates, we here 

only compare the supercooling range of the survival curves and the median values in NaCl and KI 

solutions at a concentration range of 10-5 to 10-2 M. The results are summarized in Table 7.2. It is 

noted that Sowa et al.’s results were obtained from the Figure 3 in ref 1. Sowa et al used a much 
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faster cooling rate of 0.025 K/sec than ours so quantitative comparisons are not possible. Below, 

we only make qualitative comparisons. 

 

Table 7.2. Comparison of the results for the nucleation of CO2 hydrate in this study with C1/C3 

hydrate in Sowa et al.’s study1. 

 
Concentration 

(M) 

Supercooling range of the 

survival curve (K) 

Supercooling width of the 

survival curve (K) 

Median supercooling 

(K) 

  
C1/C3 

hydrate 
CO2 hydrate 

C1/C3 

hydrate 
CO2 hydrate 

C1/C3 

hydrate 
CO2 hydrate 

Pure 

water 
- 10 – 37 4.3 – 15.3 27 11 17 11.9 

NaCl 

10-2 15 – 26 7.5 – 16 11 8.5 21 13.9 

10-3 23 – 34 4.5 – 14.5 11 10 26 13.0 

10-5 10 – 24 5.9 – 15.4 14 9.5 17 13.0 

KI 

10-2 11 – 17 1.9 – 14.6 6 12.7 14 13.2 

10-3 10 – 22 7.3 – 14.7 12 7.4 13 11.2 

10-5 - 8.3 – 14.6 - 6.3 - 12.7 

 

As shown in Table 7.2, the survival curves of C1/C3 hydrate measured in NaCl solutions 

had narrower supercooling range and greater median supercoolings than in pure water, which is 

consistent with our current results for CO2 hydrate in NaCl solutions. As for KI solutions, the 

survival curves of C1/C3 hydrate had slightly smaller median supercoolings and narrower 

supercooling range than that of pure water whereas the survival curves of CO2 hydrate in KI 

solutions had similar or slightly greater median supercoolings and narrower supercooling widths 

than that of pure water. Qualitatively similar conclusions can be drawn that KI solutions had a 

weak promotion effect on the nucleation of both C1/C3 hydrate and CO2 hydrate. Therefore, it 

could be concluded that the impacts of dilute NaCl and KI solutions on the nucleation of CO2 

hydrate in the current results were broadly similar to those of C1/C3 hydrate in Sowa et al.’s results. 
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7.5 Conclusions 

In this study, the quasi-free droplets supported by a layer of perfluoromethyldecalin were 

applied to investigate the impacts of dilute salt solutions (10 mM or lower) on the nucleation of 

CO2 hydrate. The results showed that 1 mM NaCl solution had no effect on the nucleation of CO2 

hydrate whereas the 1 mM KI solution had a weak promotion effect on the nucleation of CO2 

hydrate. The nucleation rates of CO2 hydrate measured in these two salt solutions was largely 

independent of the salt concentration when the concentrations were 10 mM or less than 10 mM. 

By comparing with the nucleation rates measured in dilute NaI solution, it seemed that the larger 

anions are more conducive to the nucleation of CO2 hydrate while the impact of monovalent 

cations was unclear. The effects of dilute NaCl and KI solutions on the nucleation of CO2 hydrate 

were broadly similar to those of ice nucleation in our previous studies and the formation of C1/C3 

mixed gas hydrates in Sowa et al.’s results 1.  
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CHAPTER 8 CONCLUSIONS, GENERAL DISCUSSIONS, AND 

RECOMMENDATIONS 

 

8.1 Conclusions and General Discussions 

In this dissertation, in order to enhance the understanding of the mechanisms of both 

clathrate hydrate nucleation and ice nucleation, we aimed to take a dual approach, studying the 

nucleation of ice and clathrate hydrates and using the findings in one of them to help understanding 

of the other. Since ice is structurally similar but less complex than clathrate hydrates, we started 

from the study of ice nucleation. We investigated the nucleation of ice and CO2 hydrate in the 

presence of different types of additives (promoters/inhibitors) and determined the nucleation rates 

which could quantitatively describe the efficacy (either promotion or inhibition) of the additives. 

The main conclusions of this thesis are summarized as follows: 

Firstly, a new experimental setup was established, calibrated, and assessed for the 

measurement of ice nucleation rate that uses linear cooling ramps. The nucleation of ice was 

investigated in three microliter-sized water systems, including 1) quasi-free water droplets 

supported by a stable wetting film of squalane; 2) quasi-free water droplets suspended between 

two immiscible liquids (perfluoromethyldecalin and squalane); and 3) water directly in contact 

with a hydrophobic Teflon wall. The nucleation rates of ice measured in these three water systems 

were determined from the procedure that was previously developed by N. Maeda 1 for clathrate 

hydrates. The effect of the number of the data points and the experimental cooling rates was also 

investigated in detail. The results showed that: 1) the nucleation curve of a given system remained 

largely unchanged with the addition of data after the first 100 data points; 2) the nucleation curve 

shifted downward with a slower cooling rate; 3) the nucleation rates measured in the two quasi-
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free water droplet systems were broadly similar to each other and our results showed broad 

agreements with literature data when the differences in the scales were accounted for, which 

indicated that the experimental method using quasi-free water droplet systems was reliable and 

could provide a basis for future work; 4) the nucleation rates of ice in water directly in contact 

with a Teflon wall were somewhat higher than those in quasi-free droplet systems but the 

difference was smaller than the gap between two quasi-free droplet systems. 

After the baseline was set up, the nucleation rates of ice in the presence of seven different 

nucleation promoters (AgI, kaolinite, Snomax, cholesterol, steroid and two types of celluloses) 

were investigated by the linear cooling ramp method. Due to the density mismatch and the cleaning 

problem, water directly in contact with a Teflon wall was selected to study the impact of nucleation 

promoters on ice nucleation. Since the difference between the nucleation rates measured in water 

directly in contact with a Teflon wall and those in quasi-free water droplet systems was not big, 

we assumed that the increase in the nucleation rate of ice by a hydrophobic Teflon wall is limited 

and that any additional increase in the nucleation rate of ice by a promoter would be measurable. 

The results showed that the efficacy ranking among these seven nucleation promoters was Snomax 

≈ AgI ≥ kaolinite > steroid > cholesterol ≈ celluloses ≥ Teflon wall. The impact of the cooling 

rates was also discussed, and the results suggested that the cooling rate did not have a big influence 

on determining the efficacy ranking of nucleation promoters. 

It is noticed that Snomax could form a suspension when mixed with water, while the other 

water-insoluble promoters (e.g., AgI, kaolinite, etc.) could not. We therefore suspected that the 

efficacy of Snomax may partly be aided by its much larger interfacial area than the other promoters, 

and these other water-insoluble promoters might become excellent nucleators of ice if they could 

be suspended in water. we thus attempted to disperse the three nucleation promoters which had 
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been found to be effective earlier (AgI, kaolinite and cholesterol) into water to increase the 

interfacial area with water and the heterogeneous nucleation rate of ice. Since TBAB 

(Tetrabutylammonium bromide) was reported to act as a dispersive agent or stabilizer in a few 

studies 2, 3, it was applied to aid the dispersion of the nucleation promoters into water in this study. 

The sedimentation experiments were carried out firstly to select the most suitable concentration of 

TBAB in water that resulted in the best stability of the promoter suspensions. The results suggested 

that the suspensions prepared from AgI dispersed in 10-3 M TBAB solution, kaolinite dispersed in 

10-4 M TBAB solution and cholesterol dispersed in 10-5 M TBAB solution had the best kinetic 

stability. We accidentally discovered that TBAB itself could act as a nucleation promoter of ice, 

and its efficacy was found to be similar to that of undispersed AgI and undispersed kaolinite 

showed in our previous results. The nucleation rate measured in TBAB solutions was largely 

independent of its concentration over the range of 10-5 M to 1 M. After determining the nucleation 

rates in promoter suspensions, it was found that dispersing AgI in 10-3 M TBAB solution further 

promoted ice nucleation whereas dispersing kaolinite or cholesterol in TBAB solutions did not 

promote ice nucleation more so than TBAB solutions without kaolinite or cholesterol.  

Salts are known as thermodynamic inhibitors for both ice and clathrate hydrates 4-6. The 

nucleation rates of both ice and CO2 hydrate were investigated in quasi-free droplets of dilute 

monovalent salt solutions. For the nucleation of ice, the concentration of salt solutions is 1 mM to 

100 mM. It was found that none of the eight salts tested (NaCl, NaBr, NaI, KCl, KBr, KI, LiCl 

and LiBr) inhibited the ice nucleation at concentration of 1 mM. All dilute salt solutions could 

induce the formation of ice at a lower supercooling range, and some monovalent salts increased 

the nucleation rate of ice at low supercoolings. The nucleation rates of ice were largely independent 

of the salt concentration when the concentrations were 100 mM or lower. Our results were found 
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to be in agreement with Sowa et al.’s results on ice nucleation, reporting a weak to no promotion 

of ice nucleation in dilute monovalent salt solutions 7. 

As for the nucleation of CO2 hydrate, the nucleation rates were investigated in quasi-free 

droplets supported by a layer of perfluoromethyldecalin of dilute NaCl and KI solutions (with a 

concentration range of 10-5 M to 10 mM). The results showed that NaCl solution had no effect on 

the nucleation of CO2 hydrate whereas KI solution had a weak promotion effect on the nucleation 

of CO2 hydrate at a concentration of 1 mM. The nucleation rate of CO2 hydrate measured in these 

two salt solutions was found to be largely independent of the concentration when the 

concentrations were 10 mM or lower. The impact of cations and anions was also discussed by 

comparing with the nucleation rates that measured in 1 mM NaI solution, and it seemed that larger 

anions were more conducive to the nucleation of CO2 hydrate whereas the impact of cations 

remained unclear. The impact of dilute NaCl and KI solution on the nucleation rates of CO2 hydrate 

were found to be similar to those of ice nucleation in our previous results and those of methane-

propane mixed gas hydrate in Sowa et al.’s study 7. 

 

8.2 Limitations and Suggested Future Work 

In the work of CHAPTER 3, we applied microliter-sized water samples for the 

investigation of the nucleation rate of ice. When comparing to the literature data, we found that 

our results concentrated at a much smaller supercooling range than other literature data except 

Bigg’s 8, and Bigg’s data appeared to bridge the gas between our data and the other literature data 

that were obtained at deep supercoolings using smaller droplets 9, 10. Therefore, the future work 

could be conducted by using smaller water droplets for the investigations of ice nucleation rates. 

In this case, the apparatus used in the work of CHAPTER 3 will need to be modified so that it will 



 212 

suit for the investigations of smaller droplets by updating the sample cell, improving the accuracy 

of observation, etc. 

In the work of CHAPTER 4, we investigated the nucleation rates of ice in the presence of 

seven promoters, including commercial product (Snomax), inorganic material (AgI), mineral clay 

(kaolinite), organic molecules (cholesterol and steroid) and celluloses. However, there are also 

other substances that have been reported to be effective nucleation promoters for ice, such as soot 

particles, water insoluble macromolecules (e.g., some fungal species) and some biological 

materials (e.g., bacteria, pollen, etc.) 11-13. Then the future work can be investigating the nucleation 

rates of ice in the presence of other types of nucleation promoters. Secondly, we found that some 

promoters such as cholesterol and steroid that had been reported to be very effective were not as 

other promoters such as AgI. Therefore, the future studies could focus on the effective promoters 

we found to explore the major factors that impact the efficacy of promoters. Besides, one of the 

effective promoters reported in this study, kaolinite, has different facets with different wetting 

properties. Then it would be interesting to come up with the experimental studies that investigating 

the nucleation rates on different facets of kaolinite. This may also put insights into the promoting 

mechanism of kaolinite on ice nucleation. 

In the work of CHAPTER 6, we measured the nucleation rates of ice in dilute monovalent 

salt solutions. In the future, the impact of other salts (e.g., sulfide salts, ammonium salts, etc.) or 

mixed salt solutions on the nucleation rates of ice can be studied. Other than salts that were known 

as the thermodynamic inhibitors for ice and clathrate hydrates, some inhibitors such as PVP, 

PVCap that used for inhibiting the formation of clathrate hydrates could be investigated for the 

nucleation of ice. And the impact of some types of anti-freeze proteins could also be tested for the 

nucleation of clathrate hydrate. 
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In the work of CHAPTER 7, the high-pressure chamber which used as the reactor of the 

nucleation of CO2 hydrate has a thick wall and large volume, resulting in the slow heat transfer to 

the surrounding coolant and hence a large thermal lag. This large thermal lag limited the choice of 

faster experimental cooling rates, making the experiments time-consuming and lowering the 

efficiency of data collection. Therefore, the existing apparatus could be improved to reduce the 

thermal lag between the sample in the chamber and its surrounding coolant and increasing the 

experimental efficiency. Secondly, we investigated the nucleation rate of CO2 hydrate. Future 

work could be conducted by using different guest gases such as methane. Thirdly, the nucleation 

rates were measured in quasi-free droplet with a volume of 20 µL in this study. Future work could 

be scaling up to larger sizes that could put more insights on the oil and gas industry. In addition, 

this study mainly concentrated on dilute salt solutions. In the future, nucleation rates of clathrate 

hydrates in salt solutions with higher concentrations (e.g., similar as the brine concentration of sea 

water) could be studied.  

In this thesis, a large number of experimental measurements were carried out to derive the 

nucleation curves of both ice and CO2 hydrate, in the presence/absence of different types of 

additives. We thus go further to analyze the experimental data using the Classical Nucleation 

Theory to derive the thermodynamic factor and kinetic factor 14, 15. The nucleation rate, J, could 

be derived according to the Classical Nucleation Theory and expressed as 14, 15: 

 lnJ – ΔSeqΔT / kT = lnA – B’ / TΔT2 Eq. 8.1 

where J is the nucleation rate, ΔSeq = Δheq/Teq, Δheq is the latent heat of melting/dissociating 

a building unit of ice/hydrate crystal into liquid water/guest gas and liquid water at the 

thermodynamic melting point/dissociation temperature, Teq, ΔT is the supercooling, k is the 

Boltzmann constant, T is the absolute temperature, A is the so-called kinetic factor which depends 
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on the type of nucleation and accounts for the frequency of attachment of ice/hydrate building 

units to the nucleus and the concentration of potential nucleation sites, and B’ is the so-called 

thermodynamic factor that accounts for the probability that a system that can surmount the 

activation barrier as prescribed by the Boltzmann distribution. 

Therefore, one can plot (lnJ – ΔSeqΔT / kT) versus (1/TΔT2) and fit the curve with a straight 

line. Then the thermodynamic factor, B’, could be obtained from the slope of the fitted straight 

line and the natural logarithm of the kinetic factor, lnA, could be obtained from the offset 14, 15. 

During our analyzing process, the slope of the fitted straight line (i.e., the thermodynamic factor) 

was found to be very sensitive to the number of the molecules that forming the building unit (which 

needed to set as an input for calculating the Δheq). For example, at least 30, 60 or more water 

molecules were needed for constructing a single-layer or multiple-layer hexagonal ice unit cell 14, 

it is difficult at this stage to get meaningful values for the thermodynamic factor and kinetic factor 

unless we could find a way to ensure the numbers of water molecules that constructing the building 

unit of the hexagonal ice. Future work could be finding reliable methods to ensure such numbers 

of molecules that form the building unit of ice/hydrate and hence put more insights into the 

Classical Nucleation Theory by deriving the size of the activation barrier, etc. 
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