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Abstract A phase change material (PCM) emulsion was formed by dispersing the PCM in 

water with the aid of emulsifiers, which had higher fluidity, higher thermal conductivity, and 

more flexible volume change than the solid-liquid PCMs. However, a critical issue for their 

large-scale applications is phase instability due to aggregation and precipitation of the PCM 

droplets. This work was to develop stable PCM emulsions prepared with n-hexadecane by 

manipulating the key factors and analysing the emulsion properties including emulsifier 

combinations and process conditions, interfacial film properties, droplet size distribution, and 

rheology characteristics. The stability was improved further with the addition of SiO2 

nano-particles. The SiO2 nano-particles also acted as an effective nucleating agent to reduce 

the degree of supercooling. The thermal performance for potential application in thermal 

energy storage systems was also examined. Eventually, a novel and highly stable 

PCM-in-water nano-emulsions with droplets on a scale of tens of nanometers was developed 

for potential application in thermal energy storage systems. 

 

Keywords: PCM emulsion; Nano-emulsion; Nano-particle; Stability; Viscosity; 

Supercooling. 

 

1. Introduction 

Thermal energy storage (TES) systems are widely used worldwide for efficient utilization 

and conservation of off-peak power, waste heat and intermittent energy sources [1]. In 

comparison of the two common heat storage methods, sensible and latent heat storage, the 

latent heat storage (LHS) provides a much greater energy storage density and a much smaller 

temperature difference between the storage and release of heat. LHS is accomplished by 

phase change materials (PCM) which absorb and release latent heat during phase change at a 

constant temperature. However, the application of PCM is restricted by several major 

technical issues such as the low thermal conductivity [2], the high degree of supercooling [3], 

the instability of performance during temperature cycles [4], and the erosion of containers 

[5-7].  

 

PCM emulsions that are formed by dispersing PCM droplets in a liquid such as water can 

improve the heat transfer by increasing the surface-to-volume ratio of the PCM [8, 9]. The 

PCM emulsions remain in a fluid state throughout the phase change process, allowing for 

easy pump transportation and circulation in the energy storage systems. Compared with the 
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other two common fluid storage media including ice slurries and microencapsulated PCM 

(MPCM) slurries, the PCM emulsions are more efficient because the production of ice 

requires high energy expense while the microcapsule shell increases the cost and heat transfer 

resistance.  

 

Maintaining the stability of dispersion is a major challenge in the development and 

application of PCM emulsions. The instability of emulsions can be attributed to several 

processes as follows [10, 11]. The most common process is creaming resulting from the 

accumulation of oil droplets and formation of an oil layer on the liquid surface (or 

sedimentation if the oil is heavier). Other causes of instability include phase inversion and 

Ostwald ripening, due to the solubility difference of the dispersed droplets of different sizes. 

Creaming, flocculation, and coalescence are the most frequent instability phenomena in PCM 

emulsions [12, 13]. A typical instability process is the partial coalescence occurring during 

phase changes in PCM emulsions [14]. The crystal growth of PCM can break the interfacial 

films between aggregated droplets, leading to the formation of a separated oil layer in the 

subsequent thawing process. Therefore, the instability problem is more prevalent in LHS 

applications than in other service fields of emulsions. Among these instability mechanisms, 

creaming and flocculation processes are reversible in which the size distribution of droplets 

does not change. Coalescence leads to the accumulation of droplets and its recovery requires 

extra energy [15].  

 

Several strategies have been proposed to improve the stability of PCM emulsions. Use of 

appropriate emulsifiers at suitable concentrations is the first essential strategy for maintaining 

uniform and stable droplets. It has been suggested that use of mixed nonionic emulsifiers to 

form denser interfacial layers can stabilize paraffinic emulsions by the steric effect [14] and 

the emulsifier concentrations must be sufficient to cover the droplets entirely [16]. Stable 

emulsions of small and uniform droplets have been prepared with suitable formulations and 

process conditions according to the principles of colloid and surface chemistry [17, 18]. PCM 

emulsions with different droplet sizes have been prepared with an ultrasonic generator and a 

rotor-stator device and the emulsions with smaller droplets were more stable [19]. Particularly, 

the nano-emulsions of nano-sized droplets (20-500 nm) of PCM dispersed in water stabilized 

with emulsifiers have a superior stability [20-22]. Schalbart et al. (2010) produced a 

tetradecane nano-emulsion with small droplets in the range of 200-250 nm, which showed 
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good stability and low viscosity [23]. Polymer surfactants [24] and amphipathic solid 

particles [25, 26] have been reported to enhance the interfacial film strength as emulsifiers in 

emulsions. A higher viscosity of the continuous phase increases the stability by slowing down 

the aggregation of droplets [10], though it is not favorable for fluid transportation through the 

piping system and convective heat transfer. Manipulating the environmental conditions such 

as the storage temperature and the external forces also contribute to the stabilization of 

emulsion [27, 28].  

 

Emulsion instability is attributed to multiple factors through complex relationships. Although 

different strategies have been reported, a more systematic assessment of the major 

physicochemical factors and better understanding of the physical mechanisms of their effects 

on the emulsion properties. This study aimed to develop a novel and stable PCM-water 

nano-emulsion through a systematic assessment of the major factors affecting the stability, 

and to elucidate the physical principles for improving the stability of PCM emulsions for 

thermal storage applications. The effects of different emulsifier systems, emulsifier 

concentrations, dispersed phase contents, and preparation process conditions on the emulsion 

properties were evaluated. The stability of emulsions was evaluated over extended periods of 

time and multiple freeze-thaw cycles. The physical principles and theoretical basis were 

carefully elaborated for understanding the factor effects on stability. The performance factors 

for their potential application in TES systems were examined, including the thermal 

performance, the degree of supercooling and rheology characteristics.  

 

2. Materials and methods 

2.1 Materials 

The major PCM chemical, n-hexadecane, C16H34, (99%), was purchased from International 

Laboratory (USA). Commercial non-ionic surfactants including the hydrophilic Tween and 

the hydrophobic Span series including Tween 20, Tween 80, Span 20, Span 80, and an 

ethoxylate (EO) type surfactant, polyoxyethylene (4) lauryl ether, were chosen in this work 

for stabilizing the PCM emulsions (from Aladdin and Sigma-Aldrich in analytical grade). 

Hydrophobic nano SiO2 particles were used as the nucleating agent (NA). The SiO2 particles 

in a diameter range of 7 nm to 40 nm were purchased from Aladdin, China (Hydrophobic-230, 

99.8% metal basis). 
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2.2 Preparation of PCM emulsions 

The n-hexadecane was mixed with deionized water at a given mass ratio. The emulsifiers 

(mixtures of Tween and Span at mass ratios selected according to the HLB numbers) and the 

SiO2 nano-particles were then added to the mixture. The mixtures were homogenized with an 

Ultra-Turrax T25 (IKA-Labor-Technik) for 10 min at room temperature for emulsion 

formation. 

 

Emulsions were prepared in six sets of conditions as shown in Table 1. The mass ratio of 

emulsifiers was adjusted to attain the desired HLB values according to HLBmix = 

HLBT∙MT%+HLBS∙MS%, where HLBT and HLBS are the HLB values of Tween 80 (15.0), 

Span 80 (4.3) at 25 °C, respectively, MT% and MS% the wt% of Tween 80 and Span 80, 

respectively. 

 

2.3 Preparation of PCM nano-emulsions 

The PCM nano-emulsions were prepared by the phase inversion temperature (PIT) method 

[29]. Water was added slowly (approximately 1.0 mL min
−1

) into a mixture of n-hexadecane 

and selected emulsifiers with agitation on a magnetic stirrer at 400-600 rpm and the 

temperature maintained above 50 °C. N-hexadecane concentration was fixed at 30 wt% in all 

emulsions, whereas the surfactant concentration was varied in each sample. The liquid 

mixture was cooled down to room temperature, yielding the PCM-in-water nano-emulsions. 

Two types of nano-emulsions were prepared by this method, one being emulsified by the 

mixture of Tween 80 and Span 80 and the other by a non-ionic surfactant of the ethoxylate 

type. 

 

2.4 Analysis of emulsion droplets 

The size distribution of emulsion droplets was analyzed by dynamic laser scatter (DLS) using 

Malven Zetasizer model 3000HSA instrument, having a broad measuring range from 0.02 μm 

to 5,000 μm. A total of 100 measurements were taken for 20 min at a scattering angle of 90° 

at 25 °C. The average particle size (in nm) and the polydispersity index were determined 

using the Zetasizer 3000HSA-Advanced Software. The morphology of the PCM emulsion 
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was examined using a Leica DM4000 optical microscope at a magnification range of 

400×-1,000×. The images were processed using the Leica LAS AF software. 

 

2.5 Thermal analysis 

The melting and nucleation temperatures of PCM emulsion samples were measured with a 

differential scanning calorimeter (METTLER TOLEDO DSC-822e) with aluminum crucibles. 

The thermal data was analyzed and plotted using the STARe software. Temperature and 

sensitivity calibrations were conducted using standard materials at a heating/cooling rate of 

5 °C/min. The samples were maintained at an initial temperature of −5 °C for 10 min to 

facilitate stabilization, heated to 30 °C, maintained at 30 °C for 10 min, and finally cooled to 

−5 °C. 

 

The onset temperature for melting and crystallization is defined as the temperature at which 

the first crystallites melt or form, can be observed as a deviation from the baseline, and is 

independent of the heating/cooling rates [30]. Therefore, the difference between onset 

temperatures for melting and crystallization was regarded as the supercooling degree of the 

samples. 

 

2.6 Viscosity 

The viscosity of emulsions was determined using a rotational viscometer with an ultra-low 

viscosity adapter (Brookfield, DV-E), which can measure the viscosity of Newtonian fluids 

and the apparent viscosity of non-Newtonian fluids. The measurement range of this device is 

from 6.4 mPa·s to 2,000,000 mPa·s, and its accuracy is +/−1%. Since the emulsions 

displayed non-Newtonian fluid behavior, the apparent viscosity at a low shear rate (0.6 s
−1

 at 

0.5 rpm) was determined. 

 

2.7 Evaluation of the stability of the PCM emulsion 

The storage stability of emulsions was evaluated based on the droplet size distribution and 

phase separation of the samples observed during the storage period and repeated thermal 

cycles. According to the standard procedure for testing the stability of PCM emulsions under 

cooling and heating thermal cycles [31], the emulsion sample was first cooled in an ice-water 
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bath at 0 °C for 30 min, and then warmed to room temperature (~25 °C) for 30 min. The 

emulsion sample was poured into a stoppered 10 mL cylindrical bottle immediately after 

preparation. After ten freeze-thaw cycles, the breaking ratio (volume ratio of the separated oil 

phase to the total volume of the emulsion) was determined by the following equation to 

compare the degree of stability of the different emulsion samples.  

 

Breaking ratio = ho/(Xpcm·H) ×100  (1) 

 

where Xpcm is the original volume fraction of the PCM in the emulsion, H the total height of 

the emulsion in the glass tubes prior to the test, and ho the height of the oil layer measured 

after the freeze-thaw cycles. Three measurements were taken for each emulsion sample and 

the average value was recorded. 

 

3 Results and discussion 

3.1 Effects of emulsifier systems on emulsion properties and stability 

The effects of various non-ionic emulsifiers on the droplet diameter distribution, apparent 

viscosity, and stability of the emulsions were evaluated to select a suitable emulsifier system. 

The PCM-water mixture was successfully emulsified with all combinations of Tween and 

Span surfactants by homogenization at 8,000 rpm. <Figure 1a shows the average droplet size 

of the PCM emulsions with different emulsifiers, being the smallest with Tween 20-Span 20 

of 889.8 nm and the largest with Tween 20-Span 80 of 1,367.8 nm. All emulsions had a wide 

droplet size distribution (PDI = 1). 

 

<Figure 1>  

 

The samples were subjected to multiple freeze-thaw cycles to evaluate their stability. After 

the thermal treatment, a separated oil layer appeared over the emulsion in all samples; this 

phenomenon indicates the emulsion breaking. The separated oil layers arose in all samples 

after around two cycles and continued to grow after repeated thermal cycles. The increase in 

the volume of the separated oil phase slowed down after four cycles. The stability of the 
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PCM emulsion was evaluated by comparing the volume ratio of the oil layer to the total PCM 

after ten freeze-thaw cycles. 

 

<Figure 1a also shows the volume ratios of the separated oil layer to the total PCM in the 

emulsion samples for different emulsifiers after 10 freeze-thaw cycles. With the lowest ratio 

of 8.0 ± 2.7%, the Tween 80-Span 80 emulsion was the most stable. The Tween 80-Span 20 

emulsion with a ratio of 17.1 ± 5.6% was also quite stable. The other two samples with ratios 

higher than 70% were unstable. Thus, Tween 80 and Span 80 were finally selected as the 

emulsifiers for the subsequent investigation because of the good stability of their emulsion 

sample. 

 

<Figure 1b shows the variation in apparent viscosity at different shear rates of the emulsion 

samples homogenized at 8,000 rpm. All emulsion samples exhibited the similar 

shear-thinning characteristic of a pseudoplastic fluid and their apparent viscosity decreased 

with the shear rate.  

 

3.2 Relationship of emulsifier stability to HLB value  

Emulsion samples with 30 wt% PCM and 5.0 wt% emulsifiers of a mixture of Tween 80 and 

Span 80 at different mixing ratios were prepared at 25 °C. As shown in <Figure 2, emulsions 

with droplet diameters below 1,500 nm were achieved with the HLB value controlled below 

11. The relatively low breaking ratios of PCM samples in the HLB range from 9.5 to 11 

indicates a better stability than with the samples with beyond this HLB range. As the HLB 

value increased, the average droplet diameter increased and the stability decreased of the 

samples. The droplet size is a determining factor on the stability of the emulsion. The 

optimum HLB range from 9.5 to 11 is in agreement with the results reported in the literature 

[17]. The mass ratio of Tween 80 to Span 80 at 1:1 having an HLB number of 9.65 within the 

optimum range was applied in the following experiments. 

 

<Figure 2>  
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3.3 Effects of emulsifier concentration 

The emulsifier concentration affects the surface tension and the droplet size, and also the 

emulsion stability and the viscosity. As shown in Error! Reference source not found.a, the 

average droplet size gradually declined as the emulsifier concentration increased while the 

breaking ratio of emulsion declined (or stability increased). 

 

<Figure 3> 

 

At a low emulsifier concentration of 1 wt%, the emulsifier molecules were insufficient to 

cover the entire oil-water interface and to decrease the interface tension. As a result, the 

average droplet size was large, and the emulsion distribution was wide. Therefore, the 

amount of emulsifier must exceed a critical value to coat the emulsion droplets entirely. 

Emulsion stability can be promoted by an interface film with densely arranged emulsifier 

molecules and small droplet sizes. Thus, high stability was observed in the samples with high 

concentrations of emulsifiers. 

 

As shown in Error! Reference source not found.b, the apparent viscosity-shear rate trend of 

all emulsion samples exhibited a pseudoplastic fluid behavior. With the increase in emulsifier 

concentration, the apparent viscosity at different shear rates increased, due probably to a 

significant increase in the emulsifier content in the continuous phase. The stability of the 

emulsion samples reached a steady level at 5 wt%, which was chosen as the optimum 

concentration of the emulsifiers. 

 

3.4 Effects of the PCM content 

A relatively high PCM content is desirable for achieving a high density of heat storage. 

Emulsion samples with different PCM contents were compared to determine the optimum in 

the emulsion. As shown in Figure 4a, the average droplet diameters of samples increased 

from about 500 nm to 2,200 nm with the PCM content. Moreover, the breaking ratio of the 

emulsion samples indicated an intensified trend, reaching to more than 20% for a PCM 

content of 50 wt% (Figure 4a). The apparent viscosity of the emulsion increased accordingly 

(Figure 4b). Thus, the instability caused by droplet collisions in the samples with high PCM 

content could not be restrained by a similar level of viscosity in low-content samples. 
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Consequently, samples with high PCM content displayed poor stability. Thus, the PCM 

concentration of 30 wt% was recommended in this case to balance the stability and heat 

storage density. 

  

<Figure 3> 

 

3.5 Effects of emulsification methods  

PCM emulsions with different droplet sizes were obtained by varying the homogenization 

shear rates from 8,000 rpm to 24,000 rpm (<Figure 4a). Two types of PCM nano-emulsions 

were also prepared and compared with those prepared by the high-energy emulsification 

method. All samples had a unimodal, approximately lognormal distribution function. The 

average droplet diameter of the PCM emulsion homogenized at 8,000 rpm was 1,259 ± 52.9 

nm, with a broad distribution (PDI = 1). Approximately 8.0 ± 2.7% of the PCM droplet 

volume in this sample was broken during the repeated freeze-thaw cycles. When the 

homogenization rate was increased to 9,500 rpm, the average droplet size of the emulsion 

significantly decreased to 774.3 ± 24.5 nm with a narrow distribution, and further decreased 

to 467.2 ± 16.6 nm at 24,000 rpm. As for the PCM nano-emulsion, the sample with Tween 80 

and Span 80 had an average diameter of 319.3 ± 2.9 nm, whereas the sample with the EO 

emulsifier had a much smaller droplet size of 78.2 ± 8.2 nm in a narrow range. Moreover, all 

samples except for the that prepared at 8,000 rpm showed a good stability during the 

freeze-thaw cycles with no distinct separated oil layer after 10 cycles. 

 

<Figure 4b shows the apparent viscosity-shear rate trends of the emulsion samples. The 

emulsifier concentration mainly affected the apparent viscosity, rather than the droplet size. 

The samples prepared at 8,000 rpm and 24,000 rpm exhibited the similar trend. However, the 

nano-emulsion sample with Tween 80 and Span 80 displayed a slightly high apparent 

viscosity because of its higher emulsifier content (10 wt%). The large number of droplets also 

results in a high viscosity. Despite the high emulsifier concentration, the nano-emulsions at a 

low shear rate range behaved as a Newtonian fluid with a low apparent viscosity, especially 

for the emulsions formed with the EO surfactant. The simple flow behavior is more favorable 

for engineering applications with a great potential in active heat transfer AC systems, 
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improving chiller energy efficiency by quick charging and extending the life circle of energy 

storage media. 

 

 

<Figure 4> 

 

3.5 Stability of the PCM emulsion during the storage period 

The PCM emulsion samples obtained by five different emulsification methods were stored at 

room temperature over three months during which observation was made daily (<Figure 5). 

Creaming appeared in the sample homogenized at 8,000 rpm in several days, and in samples 

homogenized at 13,500 and 24,000 rpm in about four weeks, but never in the samples 

prepared by the PIT method. Sample e remained translucent through the storage period, 

indicating that the size of droplets maintained shorter than the visible wavelength (390 nm). 

According to the Stokes equation (        
         

  
), creaming can be reduced by reducing 

the droplet size or increasing the viscosity with a thickener [32]. Therefore, the small and 

uniform droplet size distribution contributed to the excellent storage stability of emulsions 

prepared by the PIT method. 

 

<Figure 5> 

 

3.7 Morphology of emulsion samples 

<Figure 6a shows the microscopic photographs of a PCM emulsions prepared with Tween 

80-Span 80 which was homogenized at 8,000 rpm. The size and shape of the droplets were 

consistent with the results obtained by DLS, with an outer diameter ranging from 0.1 to 10 

μm. As shown in <Figure 6b, the sample prepared by the same method with 1 wt% of nano 

SiO2 particles contained aggregated droplet clusters, as deduced in Section 3.6. The 

nano-emulsion prepared by the PIT method with Tween 80-Span 80 (<Figure 6c) contained 

much smaller droplets. 
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<Figure 6>  

 

3.8 Effects of nanoparticles on stability and supercooling of PCM emulsion 

Supercooling occurs when a liquid starts to freeze at a temperature below its melting 

temperature and is usually more serious in small volumes such as in emulsion droplets [19, 

33]. The addition of solid impurities as the seeds for nucleation and crystal growth by the 

heterogeneous nucleation is a common approach to minimizing supercooling, such as solid 

compounds with similar structures [18, 34, 35] and carbon/oxide particles [3, 36, 37]. In the 

present study, hydrophobic SiO2 nanoparticle was used as the nucleating agent as it 

suppressed supercooling effectively in our previous work [38]. Moreover, small solid 

particles can also aid surfactant molecules to form interfacial films on the droplet interface 

which can stabilize the emulsion [39]. However, a solid stabilized emulsion tends to have a 

high viscosity, which is unfavorable for engineering applications. 

 

As shown in <Figure 7, when a small amount (0.5 wt%) of nano SiO2 was added to the 

emulsion, the stability and apparent viscosity of the emulsion was not affected markedly. 

However, the stability (low breaking ratio) and apparent viscosity were increased sharply 

with 1 wt% or more of the nanoparticles. With 2 wt% of nano SiO2, the apparent viscosity of 

the emulsion samples was over 10,000 mPa∙s, suggesting the severe aggregation of the 

emulsion droplets. But the aggregation did not result in the emulsion breaking by the partial 

coalescence during freeze-thaw cycles. The results suggest that the increase in stability of 

emulsion with the nanoparticles was probably attributed to the increase in viscosity. The high 

viscosity is not desirable for LHS applications. Therefore, the use of solid particles in high 

concentrations in the PCM emulsions is not a favorable strategy in terms of the fluidity. 

 

<Figure 7>  

 

<Figure 8> 
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The effect of SiO2 nanoparticles on supercooling was evaluated in the emulsion prepared at 

8,000 rpm with Tween 80 and Span 80. <Figure 8 shows the reduction of supercooling with 

the nanoparticles during the phase change process and Table 1 shows the corresponding 

melting and crystallization properties. Without the nucleating agent, a high degree of 

supercooling of 14.5 °C was observed. When the concentration of nucleating agent was low, 

two distinct peaks were noted in the freezing curves, suggesting that the amount of nucleating 

agent was insufficient to disperse all of the droplets. As the mass concentration of the 

nucleating agent increased, the second peak above 15 °C gradually increased, whereas the 

first peak decreased. In the samples with nucleating agent concentration of more than 1 wt%, 

most of the PCM droplets were crystallized above 15 °C, and the onset temperatures were 

approximately the same as in the bulk PCM. Thus, the degree of supercooling was well 

controlled to approximate 1°C at a nucleating agent concentration from 1 wt% to 2 wt%, 

which is a relatively lowe value compared with the effeteness of NAs in literatures [18, 40, 

41]. As the addition of nanoparticles also increased the viscosity of the emulsion, the optimal 

concentration of the nano SiO2 nucleating agent was approximately 1 wt% for good fluidity. 

4 General discussion 

Emulsion is a thermodynamically unstable system due to the large interfacial area [42]. 

Emulsion instability is represented by the decrease in the number of emulsion droplets as a 

result of flocculation or coalescence, whose rate is defined as the product of collision 

frequency and collision efficiency [42]. Individual droplets collide because of their 

movements that can be induced by Brownian motion, gravitational field (buoyancy), and 

other mechanical forces [11, 15]. For spherical droplets at relatively small fluctuation density, 

the collision frequency is predicted by the von Smoluchowski theory [43]. The collision 

frequency driven by Brownian motion is given by [44],  

 (2) 

The frequency driven by gravitational force is given by [45], 

(3)
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where   represents the viscosity of the continuous phase, k Boltzmann constant, T absolute 

temperature,  the difference in the densities of the dispersed and continuous phases, and γ 

the shear rate. The theory assumes that all collided droplets are spherical in shape with the 

same radius ri in a unit volume of emulsion with a dispersion phase volume fraction of Φi [46, 

47]. 

4.1 Droplet size distribution 

The size of emulsion droplets can usually be reduced by increasing the emulsifier 

concentration (lowering the interfacial tension) by using specific emulsifiers or controlling 

the preparing methods, such as applications of the high-speed homogenization and the phase 

inversion method. Although the equation (3) predicts that small droplets collide more 

frequently than larger ones due to Brownian movements, the present study showed stable 

emulsions were attained with small droplets at a moderate viscosity, because that the 

gravitational effect on micro-sized droplets far-exceeds the Brownian diffusion: 

 

 
           (where k is the Boltzmann constant and T the absolute temperature; L is 

the height of the container.) When the droplet size is in the range of few 100 nm and the 

density difference Δρ is minimal, the gravitational movement is restrained [10]. In addition, 

the Stokes equation (        
         

  
) indicates that the rate of gravitational separation 

increases with the particle size [48]. Therefore, creaming develops quickly in the emulsion 

with large droplets such that the dispersed droplets are concentrated in the creaming layer. 

According to Equation (2), the development rate of instability in concentrated emulsions 

accelerates, which might be the major reason of stable emulsions with small droplets. 

Furthermore, Equation (3) indicates that gravitational collision increases as the difference 

between the droplet sizes increases. The collision frequency for gravitationally induced 

aggregation was reduced in emulsions with uniform droplets, which also contributed to this 

result. The nano-emulsions usually exhibits good stability against creaming, sedimentation, 

flocculation, and coalescence because of less gravitational affection and non-deformable 

interfaces with minimal curvature radii [49].  

 

The curvature of the liquid film region determines the Laplace pressure (the interfacial 

normal stress balance): ΔPL=2σ/r, where σ is the interfacial tension and r is the curvature 
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radius [32]. Thus, larger forces are needed to deform or break up smaller droplets. The Weber 

number (   
   

   
 

   

 
) is a dimensionless number that is often useful in analyzing 

multiphase flows with strongly curved surfaces [50]. A sufficient shear force is needed to 

exceed a critical value Wecr (of the order of one) to break up a droplet and it increases with 

the droplet size decreasing, which also is the reason of the good stability of small droplets.  

4.2 Viscosity 

Based on the results of previous sections, the viscosity of an emulsion sample increase with 

the emulsifier concentration increasing, PCM mass fraction increasing and the droplet size 

decreasing. Comparison of the results in Sections 3.6 reveals that the emulsion with a high 

solid particle content exhibited a better coalescence stability and a much greater apparent 

viscosity than the emulsion with low concentrations of nanoparticles. The high apparent 

viscosity contributes to this effect by limiting the movement of the droplets, and the 

thickening is more effective than control of droplet size in stabilizing emulsions in this case. 

However, a high apparent viscosity is undesirable in a TES system. Moreover, Wecr depends 

on the type of flow and on the ratio of the droplet viscosity to that of the continuous phase (ηd 

/ηc), and it decreases with the viscosity ratio approaching 1. In this case, the viscosity of 

n-hexadecane is reported to be 3.45 at 20°C which was much lower than that of the continual 

phase [51]. Thus, the critical value Wecr increases with the emulsion viscosity. 

4.3 Stabilizers and interfacial films 

The interfacial properties of an emulsion involve the interfacial tension, the interfacial 

viscosity, the interfacial elasticity, the thickness of the interfacial film, and the mechanical 

strength. It has been proved that the emulsion stability is independent of the interfacial 

tension, but it mainly depends on the rest natures [52].  

 

Emulsifiers keep emulsions stable by reducing the interfacial tension between the two layers 

and inducing the interface films for preventing coalescence [16, 53]. The formation and 

stabilization of emulsion depend strongly on emulsifiers. As demonstrated in Section 3.1, 

after emulsion formation, the non-ionic emulsifier molecules adsorbed onto droplet surfaces 

prevent instability by steric repulsion, which is dependent on the emulsifier molecular 
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structure. The increase in emulsifier concentration leads to the decrease in surface tension and 

average droplet size as well as the increase in molecular absorption, interfacial viscosity, and 

the thickness, thereby enhancing emulsion stability. Once the concentration exceeds the 

critical micelle concentration (CMC), the emulsifier molecules stop absorbing onto the 

surface and aggregate into micelles such that emulsion viscosity drastically increases. At 

concentrations much greater than CMC, surfactants micelles form multi-layer structures 

parallel to interfacial surfaces, which further enhances the stability of emulsion [54, 55]. 

Furthermore, solid particles and/or polymer surfactant could generate dense interfacial films 

with high interfacial strength resulting in highly stable emulsions (Section 3.6). The 

physicochemical stability of emulsifiers is also important which may affect the thermal 

stability and service life of the interfacial film. Therefore, the effect of emulsifier type on the 

stability of the emulsion is a result of combined factors, and no apparent relationship exists 

between emulsion stability and the average droplet diameters of the emulsion samples with 

different emulsifiers. 

 

The combination of some emulsifiers may lead to much lower surface tension than used 

individually. The presence of more than one surfactant molecule at the interface tends to 

increase the strength of interfacial films from a consideration of the steric repulsion that 

produces more stable films in multi-layer structures [56]. HLB numbers of emulsifier systems 

reflect the balance of the emulsifier molecular at the oil-water interface. Lipophilic 

emulsifiers at low HLB numbers tend to form an adsorption layer in the oil phase, and vice 

versa. The multi-layer structure of emulsifiers contributes a protective effect against the film 

drainage during the coalescence process, especially the lipophilic layer in the oil phase which 

is hard to be detached from the film drainage. 

 

When the emulsion droplets collide with each other, the path leads to a slight flattening 

deformation of the interface of two droplets and a thin liquid film (the dimple shaped region) 

forms between the drops. Further approach elevates the pressure in the liquid film which 

starts to drain trapped the liquid of external phase. The film drainage imposes strong shear 

forces on the emulsifier interface resulting in a concentration gradient of the emulsifier 

molecules [57]. If the process is sufficiently slow, the gradient of the interfacial tension 

resulted from the emulsifier concentration generates a tangential stress at the droplet 

interfaces against the film drainage, namely, the Marangoni effect [58]. The multi-layer 
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structure or high viscosities of emulsifiers slows down the film drainage rate, which enables 

emulsifier molecules to have enough time to rearrange in the interfacial film. Otherwise, 

when the film becomes very thin or forms ‘hollow spaces’, intermolecular forces or interface 

fluctuations (Mechanical vibrations and thermal fluctuations) might break up the thin film, 

thus, coalescence occurs [59-61]. 

4.4 Water-oil ratio 

A highly dispersed phase content accelerated instability, as shown in Section 3.4. However, 

the viscosity of the emulsions increased with the disperse phase content, and the emulsion 

samples with a high PCM mass fraction was observed to be stable in our previous work [38]. 

According to the von Smoluchowski theory, a high volume fraction of the dispersed phase 

enhances the collision probability and frequency between droplets. On the other hand, a high 

viscosity can also improve emulsion stability by restricting the movement of the droplets. All 

these mechanisms can contribute to the droplet collision frequency in an emulsion. In practice, 

one of these mechanisms is usually more dominant than the rest, depending on the 

composition of the product and its effect on viscosity. In our cases, at a low dispersed phase 

content (< 25 wt%), the effect of viscosity dominates. However, at a highly dispersed phase 

content, the effects caused by the concentrated droplets of the emulsion are dominant. 

 

4.5 Environmental factors 

Temperature has shown a negative effect on emulsion stability in our previous work on PCM 

emulsion with a higher melting temperature [38]. Increase in temperature speeds up the 

Brownian motion of droplets and lowers the fluid viscosity, leading to emulsion instability. 

Meantime, the interface viscosity also drops and the energy fluctuation at the liquid films of 

flocculated droplets is intensified at a higher temperature. In addition, temperature changes 

may result in phase transition processes, breaking the emulsion by partial coalescence. 

Temperature can also affect the emulsion properties. For example, non-ionic surfactants of 

the ethoxylate type are highly dependent on temperature, becoming lipophilic with increasing 

temperature due to the dehydration of the polyethylene oxide chain, which are commonly 
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used in preparing nano-emulsions (Section 3.5). Therefore, temperature changes can induce 

phase inversion in emulsions.  

 

Another example is that the CMC values of surfactants are related to the temperature; 

specifically, the CMC values decrease to a minimum first and then increases with the increase 

in temperature. The increase in temperature results in a decline in the hydration of the 

hydrophilic group, thereby improving micellization. However, it also causes the breakage of 

the structured water surrounding the hydrophobic group, which suppresses micellization [28]. 

The relative magnitude of the two opposing effects determines the CMC value at a particular 

temperature. According to previous reports [62, 63], the minimum CMC values is 

approximately 25 °C for ionic and 50 °C for non-ionic surfactants.  

 

Gravity is the most significant factor for instability in normal poly-dispersed emulsions. The 

collisions due to gravity induced concentrates and different vertical velocities of the droplets 

lead to most of their instability issues directly or indirectly. However, in nano-emulsions, 

Brownian motion becomes more significant than the gravity effect [49]. The mechanical 

shear force reduces the apparent viscosity of emulsions with non-Newtonian behaviors, 

promoting collision. On the other hand, external shear force can also break up droplets into 

smaller ones if the force was sufficient to overcome interface free energy and the Laplace 

pressure, depending the critical Weber number Wecr. 

 

5 Conclusions 

In this work, n-hexadecane in water emulsions were prepared with various emulsifier 

combinations for evaluation of the influencing factors on emulsion stability. Suitable 

emulsifiers and concentration protect emulsion droplets from aggregation and further 

coalescence. A small-sized and uniform distribution decreased the creaming speed and the 

gravitationally induced aggregation such that the PCM emulsion stabilized. A moderate 

apparent viscosity limits the movement of the droplets and avoids their collisions, which 

sometimes is more effective than controlling the droplet size to stabilize emulsions. However, 

a high viscosity is undesirable in TES systems. 
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An optimum emulsion formula has been derived, Tween 80 and Span 80 at mass ratio 1/1 as 

the emulsifiers at 5 wt%, and 30 wt% PCM for good stability and the fluidity. The latent heat 

of the emulsions was 62.23 kJ/kg, and the freezing temperature was 17 °C. Supercooling was 

efficiently suppressed by using hydrophobic SiO2 nanoparticles as the nucleating agent. The 

shear thinning property of a pseudoplastic fluid was observed in all samples, and most of 

them displayed good fluidity. It is concluded from the experimental results that the following 

three approaches are effective for improving the stability of the PCM emulsion, (1) using 

mixed emulsifiers; (2) reducing the droplet size and distribution, and (3) maintaining a 

suitable viscosity. A novel n-hexadecane-based PCM nano-emulsion has been developed with 

a minimum average droplet size at 78.2 ± 8.2 nm with superior stability. It is has the potential 

for application in active heat transfer AC systems to raise chiller energy efficiency and extend 

the life circle of energy storage media. 
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Table 1 Experimental variables and conditions for preparation of PCM emulsions. 

Tests of emulsifier mixtures Total emulsifier HLB value PCM content Emulsification methods 

1. Tween (20, 80): Span (20, 

80) at 1:1 mass ratio 

5 wt% By emulsifiers 30 wt% Ultra-Turrax at 8, 000 rpm 

2. Tween 80 and Span 80 5 wt% 8-14 30 wt% Ultra-Turrax at 8, 000 rpm 

3. Tween 80 and Span 80 at 1:1 

mass ratio  

1-9 wt% 9.65 30 wt% Ultra-Turrax at 8, 000 rpm 

4. Tween 80 and Span 80 at 1:1 

mass ratio 

1/6 of PCM 

mass 

9.65 10-50 wt% Ultra-Turrax at 8, 000 rpm 

5. Tween 80 and Span 80 at 1:1 

mass ratio 

5 wt% 9.65 30 wt% Ultra-Turrax at 8, 000 

rpm-24,000 rpm 

6. Tween 80 and Span 80 at 1:1 

mass ratio + NA at 0-2 wt% 

5 wt% 9.65 30 wt% Ultra-Turrax at 24, 000 rpm 
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Table 2 Melting and freezing points of samples with nano SiO2 as the nucleating agent. 

Content (wt%) ΔHm (kJ/kg) ΔHf (kJ/kg) Tm.onset (°C) Tf.onset (°C) ΔT (°C) 

0 -50.2 51.2 18.1 3.6 14.5 

0.5 -74.7 64.8 17.9 1
st
: 17.1 

2
nd

: 3.8 

0.8 

1 -62.7 62.1 18.1 1
st
: 17.0 

2
nd

: 2.9 

1.1 

1.5 -60.7 60.0 18.3 17.1 1.2 

2 -62.9 62.1 18.3 17.0 1.3 

ΔHm and ΔHf: the total transition enthalpies during the melting and crystallization processes, 

respectively; Tm. onset and Tf.onset: the onset temperatures of the melting and crystallization 

processes, respectively; ΔT: degree of supercooling. 
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Figure 1 Effects of emulsifiers on emulsion properties (under Test 1 conditions in Table 1): (a) 

Average droplet diameters of emulsion and breaking ratios of the PCM emulsions after 10 

freeze-thaw cycles; (b) Apparent viscosity-shear rate curves at 25 °C. Error bars: standard 

deviation (SD) of triplicate experiments.  

Figure 2 Average droplet size and breaking ratios of the PCM emulsions after 10 freeze-thaw 

cycles for emulsion samples with different HLB values of emulsifier systems (under Test 2 

conditions in Table 1). Error bars: SD of triplicate experiments. 

Figure 3 Effects of emulsifier concentration (under Test 3 conditions in Table 1): (a) Droplet 

size distribution; (b) Breaking ratio of the PCM emulsions; (c) Apparent viscosity-shear 

rate curves of emulsion samples with five different emulsifier concentrations at 25 °C. 

Error bars: SD of triplicate experiments. 

Figure 4 Effects of the PCM content (under Test 4 conditions in Table 1): (a) Average droplet 

size and breaking ratio of the PCM emulsions; (b) Apparent viscosity-shear rate curves at 

25 °C. Error bars: SD of triplicate experiments. 

Figure 5 Effects of emulsification methods on (a) Droplet size distribution and (b) Apparent 

viscosity-shear rate curves at 25 °C of the emulsion and nano-emulsion samples prepared 

using different emulsification methods (under Test 5 conditions in Table 1, except for the 

nano-emulsions). Error bars: SD of triplicate experiments. 

Figure 6 Photographs of the emulsion samples by different emulsification methods during the 

storage period: (a) homogenization at 8,000 rpm; (b) homogenization at 13,500 rpm; (c) 

homogenization at 24,000 rpm; (d) nano-emulsion with Tween 80 and Span 80; and (e) 

nano-emulsion with an EO surfactant. 

Figure 7 Micromorphology of the emulsion droplets observed under an optical microscope ( 

1000×): (a) prepared with Tween 80-Span 80 at 5 wt%, a PCM mass fraction of 20 wt%, 

and a homogenization rate of 8,000 rpm; (b) prepared by the same method plus the the 

addition of 1 wt% nano SiO2; (c) nano-emulsion prepared by the PIT method with Tween 

80-Span 80. 

Figure Captions



 

2 

 

Figure 8 Effects of nanoparticles (under Test 6 conditions in Table 1): breaking ratio and 

apparent viscosities at a shear rate of 0.6 s
−1

 at 25 °C for the emulsion samples with 

different contents of nanoparticles, Error bars: SD of triplicate experiments. 

Figure 9 DSC curves of the PCM emulsions with various concentrations of nano SiO2 particles 

under Test 6 conditions in Table 1: (a) melting curves; (b) freezing curves. 
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