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ABSTRACT 13 

This study was to develop stable phase change material (PCM)-water nano-emulsions with low 14 

supercooling and low viscosity using two-surfactant mixtures by the phase inversion 15 

temperature (PIT) method. The PCM agent n-hexadecane was mixed with Brij L4 as the 16 

primary surfactant and polyethylene-block-poly(ethylene glycol) (PE-b-PEG), Tween 60 or 17 

Tween 80 as a co-surfactant to form stable nano-emulsions. The results showed that the droplet 18 

size, viscosity and PIT point as well as the stability of PCM nano-emulsions were strongly 19 

dependent on the combination, mass ratio and total concentration of the two surfactants. In 25% 20 

(w/w) PCM nano-emulsions, an optimum formulation was the surfactant combination of Brij 21 

L4 and Tween 60 at 6:4 mass ratio, mixed with PCM at 11:20 mass ratio. The corresponding 22 

nano-emulsion had a high stability, a small droplet size of 60 nm and desirable Newtonian fluid 23 

behaviour with a relatively low viscosity of 50 mPaꞏs. The addition of n-octacosane as a 24 

nucleating agent was effective to reduce the emulsion supercooling, though the supercooling 25 

degree was notably increased after multiple thermal cycles. The optimized 25% PCM nano-26 

emulsion with 2% (w/w) n-octadecane showed an excellent stability over 120 days and 300 27 

thermal cycles with a droplet size below 80 nm, a supercooling degree of ~5 ℃ and a latent 28 

heat of ~50 J/g, which was very promising for further development and application as a cooling 29 

storage medium. 30 
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1. Introduction 34 

Thermal energy storage (TES) is one of the most important and efficient means for 35 

utilization of excessive energy. Although TES technologies may be applied to store sensible, 36 

latent and thermochemical heat [1-3], latent heat storage using phase change materials (PCMs) 37 

is the most favourable as PCMs can absorb and release a large amount of heat at nearly a 38 

constant temperature [4-6]. Particularly, considerable research effort has been devoted to the 39 

development of PCM-based heat transfer fluids (HTFs) for storage of latent heat [7-10]. There 40 

are three main types of latent functionally thermal fluids including clathrate hydrate slurries, 41 

microencapsulated PCM (MPCM) slurries, and PCM emulsions [11]. PCM emulsions are 42 

formed by dispersing PCM as fine droplets into an immiscible carrier liquid with the assistance 43 

of surfactants. Compared to MPCM slurries, PCM emulsions have the advantages of low cost, 44 

simple fabrication, low viscosity and good operation stability. In addition, heat transfer is 45 

enhanced due to the large surface-to-volume ratio and negligible thermal resistance of a thin 46 

protective surfactant layer between the PCM and the carrier liquid [12, 13]. 47 

However, the poor stability and high degree of supercooling are two main challenges for 48 

the development and application of PCM emulsions for TES systems. PCM emulsions are 49 

thermodynamically unstable owning to their high surface free energy. Reduction of the droplet 50 

size to the nanoscale (˂ 200 nm) or the formation of PCM nano-emulsions is regarded as one 51 

of the most effective methods for improving the emulsion stability. Schalbart et al. [14] attained 52 

a tetradecane nano-emulsion with droplet size around 200 nm, which remained stable over six 53 

months. By D-phase method, Chen et al. [15] fabricated n-hexadecane and n-octadecane nano-54 

emulsions which were stable over 210 days. In the previous studies from our group [16, 17], 55 

stable n-hexadecane nano-emulsions with droplet size below 100 nm have been attained by 56 

low-energy emulsification method, including phase inversion temperature (PIT) and emulsion 57 

inversion point (EIP) method. 58 

Supercooling is the process of cooling a liquid to a temperature below its melting or 59 

freezing temperature without crystallization [6, 18]. Supercooling is severe in PCM nano-60 

emulsions due to the dominance of homogeneous nucleation, which is common in a pure liquid 61 

with the nucleation rate being a function of the bulk volume [19]. PCM nucleation takes place 62 

in the nano-droplets individually. Because of the very small volume, the probability for the 63 

formation of nucleation sites is very low so that a much lower temperature is required for crystal 64 

formation. The addition of various nucleating agents such as nanoparticles and alkanes, and 65 

their derivatives with higher melting temperatures is the most common approach to reducing 66 
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supercooling,  which is to shift homogeneous nucleation to heterogeneous nucleation [20, 21]. 67 

Wang et al. [22] used 2 wt% graphite nanoparticles in OP10E emulsions with droplet size 3-4 68 

μm, leading to a complete elimination of supercooling. Xiang et al. [23] prepared a paraffin 69 

emulsion (particle size distribution between 0.2 to 1.5 μm) added with 1.2 wt% graphene and 70 

achieved a low supercooling degree of 0.27 ℃. 71 

Hydrophobic nano-SiO2 has been used as a nucleating agent in a previous study in n-72 

hexadecane emulsions, achieving a low supercooling degree of 0.8 ℃ at 0.5 wt% content [17]. 73 

However, high-energy emulsification methods are usually needed to disperse the nanoparticles 74 

into PCM droplets which have relatively large droplet sizes in the microscale instead of 75 

nanoscale. Our group has previously attempted to disperse the same hydrophobic nano SiO2 76 

into the n-hexadecane nano-droplets (˂ 100 nm) by the EIP method [16], though the 77 

supercooling was not effectively controlled due mainly to the low encapsulation efficiency 78 

within the PCM nano-droplets. Moreover, the nano-SiO2 dispersed in PCM is prone to 79 

aggregation and precipitation, causing instability of the nano-emulsions. Although the 80 

instability issue is less severe with alkanes and their derivatives because of good compatibility, 81 

they are also less effective for supercooling reduction. Cabaleiro et al. [9] prepared n-82 

heptadecane and commercial paraffin RT21HC nano-emulsions, with one alkane and two 83 

commercial paraffin waxes as additives, but had rather large supercooling up to 10.5 ℃. 84 

The supercooling of PCM emulsions can also be influenced by surfactants. Sakai et al. 85 

[24] reported that surfactants with longer hydrocarbon chains effectively facilitated the 86 

nucleation in n-hexadecane emulsions. As reported previously [25, 26], surfactants with similar 87 

hydrocarbon chains (16 or 18 carbons) could mitigate the supercooling of n-hexadecane 88 

emulsions. Several polyvinyl alcohols with different hydrocarbon chains could lower the 89 

supercooling degree of n-octadecane emulsions to 2 ℃ [27]. On the other hand, the use of 90 

mixed surfactants may be more effective to lower the interfacial tension than single ones [28], 91 

increasing the emulsion stability against multiple destabilization processes [29, 30]. 92 

Based on the above background as well as our previous studies, this work aimed to 93 

formulate highly stable, low-supercooling and low-viscosity n-hexadecane nano-emulsions 94 

through the use of two surfactant mixtures and the addition of nucleating agents. With these 95 

characteristics, the n-hexadecane nano-emulsions will be used as the thermal storage media 96 

that can be are easily transported through the thin pipes in a chiller for charging and in the 97 

ceiling panel for room cooling or discharging. To the best of our knowledge, such a TES system 98 

based on nano-emulsions flowing in pipes has not been reported previously. To attain the 99 

desired nano-emulsions more effectively, in the present study, we took a new approach by the 100 
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use of two mixed surfactants and assessed the key factors affecting the emulsion properties 101 

comprehensively. Specifically, the nonionic polyethoxylated (PEO) surfactant, Brij L4 was 102 

chosen as the primary surfactant because of its ability to stabilize n-hexadecane nano-103 

emulsions by the PIT and EIP method [16]. The co-surfactant was chosen from two types of 104 

surfactants including the polymeric surfactants (PE-b-PEG) having longer hydrocarbon chains 105 

than, and the nonionic hydrophilic surfactants (Tween 60 and Tween 80) having the similar 106 

hydrocarbon chains to that of n-hexadecane. The PCM nano-emulsions were prepared with the 107 

PIT method and the influence of surfactant combinations and the mass ratios, and 108 

concentrations of surfactant mixture and n-hexadecane were evaluated on the properties of 109 

nano-emulsions. A pure alkane, n-octacosane, was added as a nucleating agent to further reduce 110 

the degree of supercooling without disrupting the stability of nano-emulsions. 111 

2. Materials and methods 112 

2.1. Materials 113 

N-hexadecane (C16H34, 99%; C16) was purchased from International Laboratory, USA. 114 

Polyethylene glycol dodecyl ether (Brij L4, abbreviated as Brij), polymeric surfactants, 115 

polyethylene-block-poly(ethylene glycol) (PE-b-PEG) of number-average molecular weight 116 

Mn~1400 and ~2250 (P-1400 and P-2250, respectively) were from Sigma-Aldrich, USA. 117 

Commercial nonionic surfactants, polyethylene glycol sorbitan monooleate (Tween 80) and 118 

polyoxyethylene sorbitan monostearate (Tween 60), and sodium chloride (NaCl, 99.5%) were 119 

from Aladdin, China. N-octacosane (C28H58, 98%; C28) was purchased from TCI, Japan. All 120 

chemicals were used as received from the suppliers. 121 

2.2. Preparation of PCM nano-emulsions 122 

The n-hexadecane PCM nano-emulsions were formulated by the PIT method [17, 31] as 123 

illustrated in Scheme 1. Firstly, the n-hexadecane and surfactants were mixed with a magnetic 124 

stirrer at 400 rpm and the temperature was maintained above 65 ℃ according to the PIT point 125 

of samples. A higher temperature up to 75 ℃ was applied to promote the dissolution of solid 126 

PE-b-PEG. Distilled water was slowly added to the mixture to ensure the emulsification 127 

temperature over the PIT point and then cooled down rapidly to room temperature, yielding 128 

the PCM nano-emulsions. 129 
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 130 

Scheme 1 Major steps for the preparation of n-hexadecane/water nano-emulsions by the PIT 131 

method. PCM oil, n-hexadecane, and surfactants were heated and mixed with a magnetic stirrer 132 

to form a homogeneous mixture and then, distilled water was slowly added to the mixture, 133 

forming coarse water-in-oil (W/O) emulsions, followed by quick cooling to room temperature, 134 

yielding the oil-in-water (O/W) nano-emulsions. 135 

 136 

Table 1 shows the eight sets of experimental conditions including various combinations/ 137 

concentrations of the n-hexadecane and two-surfactant mixtures for preparation of the PCM 138 

nano-emulsions. Initially, the total concentration of two surfactants (Brij plus PE-b-PEG or 139 

Tween) was 10% and the PCM was fixed at 20% (No. 1 & 2). According to preliminary tests, 140 

the mass ratio of Brij to PE-b-PEG was firstly varied in the range of 7:3 to 9:1 and that of Brij 141 

to Tween was 5:5 to 9:1. Secondly, the total concentration of two surfactants was varied from 142 

8-12%, with the PCM concentration fixed at 20% (No. 3 & 4). In the next, the PCM 143 

concentration was varied from 20-25% with the Brij and P-2250 mixture (No. 5) or 20-30% 144 

with the Brij and Tween 60 mixture (No. 6), at 20:11 mass ratio of PCM to two-surfactant 145 

mixture. Finally, n-octacosane (C28) (up to 10% of the C16 mass) was used as a nucleating 146 

agent (No. 7 & 8) since a higher C28 content (~15% of the C16 mass) could change the thermal 147 

properties of C16 [32, 33]. 148 

  149 
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Table 1 Experiment variables for preparation of n-hexadecane PCM nano-emulsions (all % 150 

values in weight%). 151 

Surfactant mixtures Mass ratio Surfactant content PCM content 

1. Brij + PE-b-PEG 7:3 to 9:1 10% 20% 

2. Brij + Tween 5:5 to 9:1 10% 20% 

3. Brij + P-2250 8:2 8-12% 20% 

4. Brij + Tween 60 6:4 8-12% 20% 

5. Brij + P-2250 8:2 11/20 of PCM mass 20-25% 

6. Brij + Tween 60 6:4 11/20 of PCM mass 20-30% 

7. Brij + P-2250 + 0-2% C28 8:2 11% 20% 

8. Brij + Tween 60 + 0-2.5% C28 6:4 11% 25% 

 152 

2.3 Determination of PIT point 153 

The PIT point of PCM nano-emulsions was determined through measurement of the 154 

electrical conductivity [34]. Coarse emulsions containing 20% C16 and different surfactant 155 

concentrations and water (NaCl, 0.01 mol/L) were prepared by simple mixing at room 156 

temperature. The emulsions were then constantly agitated mechanically during which the 157 

electrical conductivity was measured as a function of temperature. The PIT point was 158 

corresponding to the temperature with a sharp drop in the electrical conductivity. 159 

2.4. Analysis of droplet size 160 

The average droplet diameter and polydispersity index (PDI) were measured by dynamic 161 

laser scatter (DLS) using a Malvern Zetasizer Nano ZS instrument which was equipped with a 162 

4 mW He-Ne laser operating at a wave-length of 633 nm. The samples were diluted 100-fold 163 

in distilled water and measurement were carried out at 25 ℃ with a scattered angle of 173º. 164 

Triplicate measurements of 15 runs were conducted for each sample. The morphology of PCM 165 

nano-emulsions was examined with a Leica DM4000 optical microscope at 1000× 166 

magnification range. The images were processed using the Leica LAS AF software. 167 

2.5. Viscosity 168 

The apparent viscosity of PCM nano-emulsions was measured with a rotational 169 

viscometer using the ultra-low viscosity adapter (Brookfield, DV3T), which can measure the 170 

viscosity at a given shear rate with accuracy of ±1.0% range.  171 
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2.6. Thermal analysis 172 

Thermal properties of the PCM nano-emulsions including melting or freezing temperature 173 

and latent heat were measured with a differential scanning calorimeter (Mettler Toledo, DSC3).  174 

The PCM nano-emulsion samples (3-5 mg) were placed in aluminium crucibles and maintained 175 

an initial temperature of 30 ℃ for 10 min. Then the samples were cooled to -5 ℃, maintained 176 

for 10 min, and finally heated to 30 ℃. The heating/cooling rate was 5 ℃/min. The thermal 177 

data were analysed and plotted using the STARe software. The onset temperature for melting 178 

and freezing was recorded, which is independent of the heating/cooling rate [35]. The 179 

difference between the onset melting and nucleation temperatures was taken as the 180 

supercooling degree of the samples. 181 

2.7. Evaluation of the stability of the PCM nano-emulsions 182 

The stability of PCM nano-emulsions was evaluated based on droplet size analysis and 183 

visual observation of the phase homogeneity through the long period of storage at room 184 

temperature and repeated thermal cycles [16, 17]. The procedure of one thermal cycle was 185 

slightly modified including 10 min cooling process at 0 ℃ in an ice-water bath, and 10 min 186 

heating process at 30 ℃ in a thermostatic water tank. About 5 mL of the nano-emulsion sample 187 

was filled into a glass bottle for the thermal cycle test. The formula optimization was based on 188 

the results of the sample treated after 50 thermal cycles and 15-day storage at 25 ℃. The long-189 

term stability of the optimized samples was evaluated based the observation of appearance and 190 

analysis of droplet size and thermal properties after long period of storage at room temperature 191 

and 300 thermal cycles. 192 

2.8. Theoretic basis for emulsion stability with surfactant mixtures and PIT method 193 

Emulsions including nano-emulsions are thermal dynamically metastable systems, which 194 

trend to break down through several destabilization processes, e.g., gravitational separation, 195 

flocculation, coalescence, and Ostwald ripening [36, 37]. Gravitational separation including 196 

creaming and sedimentation is caused by the difference in mass density between the continuous 197 

and dispersed phase. The rate of gravitational separation can be described by Stokes’ Law [38]: 198 

vStokes = -
2gr2Δρ

9η
(1) 199 

where r is the droplet radius, g is the acceleration due to the gravity, Δρ is the density difference 200 

between the continuous and dispersed phase, η is shear viscosity of the continuous phase. This 201 
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equation indicates that smaller droplet size and density difference, or higher viscosity of the 202 

continuous phase can reduce the velocity of gravitational separation. The small size (˂ 90 nm) 203 

can also effectively overcome gravity due to Brownian motion [39]. The overall density of an 204 

PCM emulsion droplet (ρdroplet) depends on the densities of PCM and the surfactant shell, as 205 

described by the following equation [40], 206 

ρdroplet	=	
rρPCM+3δρshell

r+3δ
(2) 207 

where ρPCM and ρshell are the densities of the PCM and the surfactant within the interfacial layer, 208 

and δ is the thickness of the interfacial layer. The usage of mixed surfactants that pack more 209 

tightly creates denser interfaces, and therefore reduce the velocity of gravitational separation. 210 

Droplet aggregation with or without film rupture is referred to as coalescence or 211 

flocculation. The dominance of the attractive forces such as van der Waals make droplets tend 212 

to flocculate or fuse together forming a larger droplet. The adsorption of mixed nonionic 213 

surfactants at the interface may increase the steric repulsion [41] and form dense interfaces that 214 

are able to improve their stability against flocculation or coalescence. On the other hand, the 215 

high levels of non-adsorbed nonionic surfactants can lead to emulsion instability owing to a 216 

depletion flocculation mechanism [29].  217 

Ostwald ripening (OR), which is reported as the main destabilization mechanism for nano-218 

emulsions [42], arises from the difference in Laplace pressure (Δp) between small and large 219 

droplets, which is governed by the following equation [43]: 220 

Δp	=	2γ(
1

r1
-

1

r2
) (3) 221 

where γ is the interfacial tension, r1 and r2 are radius of small and large droplets. The smaller 222 

droplets disappear and the large droplets become larger. From this equation, it is obvious that 223 

reducing the interfacial tension or difference of droplet size between r1 and r2 can decrease the 224 

Laplace pressure difference and hence slow down the OR rate. In addition, the OR rate (ω) can 225 

be estimated by the following equation [44], 226 

ω=
dr3

dt
=

8DC∞γVm

9ρRT
(4) 227 

where D is the diffusion coefficient of the dispersed molecules in the continuous phase, C∞ is 228 
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the bulk solubility of the dispersed phase in the bulk continuous phase, Vm is the molar volume 229 

of the dispersed phase, ρ is the density of the dispersed phase, R is the gas constant, and T is 230 

the absolute temperature. The OR rate may be reduced by using mixed surfactants that can 231 

lower the interfacial tension more significantly. However, if the concentration of non-adsorbed 232 

surfactants in the continuous phase is high, the formation of surfactant micelles working as a 233 

‘bridge’ promotes a net mass flow from small to large droplets. 234 

Moreover, several factors such as storage temperature affect the emulsion stability when 235 

using the PIT method, where the temperature change induces a change in the curvature of the 236 

surfactant interfacial arrangement [45]. Typically, nonionic PEO surfactants are the most 237 

commonly used, while it is noteworthy that phase inversion does not occur for nonionic PEO 238 

surfactants having a too short or too long PEO head group and vice versa, a too long or too 239 

short alkyl tail [31], as illustrated by the packing parameter (p), which is equal to the ratio of 240 

the alkyl tail group to PEO head group cross-section areas [46]. At low temperatures, PEO head 241 

group is larger than the alkyl tail group (p ˂ 1) due to the hydration effect; the monolayer 242 

adopting a curvature where the PEO head groups point outward, favors the formation of O/W 243 

emulsions. Conversely, the dehydrated PEO head group inducing a shrinkage of their area at a 244 

higher temperature is smaller than the alkyl tail group (p ˃  1); the monolayer adopts a curvature 245 

where the PEO head groups point inward, favoring the formation of W/O emulsions. When the 246 

cross-section areas of the PEO head group and alkyl tail group are the same (p ≈ 1), the 247 

corresponding temperature is the PIT point, where the inversion zone has a nearby zero 248 

interfacial tension and flat curvature [30].  249 

Immediately below the PIT point, which is often referred to as the droplet coalescence 250 

zone [47], emulsion coalescence occurs quickly. Therefore, fast crossing the PIT point from 251 

high temperature to low temperature is necessary to induce a change in the curvature of the 252 

surfactant interfacial arrangement and to produce stable O/W nano-emulsions. The storage 253 

temperature should be about 20-30 ℃ below the PIT point [47, 48]. Apart from temperature, 254 

phase inversion is facilitated by low-energy or high-energy stirring but inhibited by 255 

intermediate stirring [49]. Low-energy stirring by a magnetic stirrer tends to form large droplets 256 

and multiple emulsions during emulsification, favouring phase inversion after a quick cooling. 257 

The above theoretical relationships suggest that the use of mixed surfactants at suitable 258 

concentrations is favourable for preparation of stable emulsions with a small droplet size, a 259 

narrow droplet size distribution or small PDI, a relatively low viscosity and a suitable PIT point. 260 

However, the mechanisms of emulsion instability are complex and dependant on multiple 261 

factors, and their interactions. 262 
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3. Results and discussion 263 

3.1. Surfactant type on emulsion properties 264 

3.1.1. Brij and PE-b-PEG combinations 265 

Fig. 1 presents the photos of nano-emulsions prepared by mixtures of Brij and PE-b-PEG 266 

(P-2250 and P-1400) upon preparation and after 50 thermal cycles, and 15-day storage. The 267 

initial nano-emulsions with the Brij and P-2250 mixture exhibited a milky white color at 7:3 268 

mass ratio and gradually turned to a bluish, and transparent color at 9:1 mass ration, implying 269 

the gradual decrease of droplet size. All nano-emulsions stabilized by the mixture of Brij and 270 

P-1400 displayed a similar milky white color with the droplet size in the range of 100-120 nm, 271 

irrespective of the mass ratio of Brij to P-1400. The emulsion breakdown was observed for all 272 

emulsion samples prepared with the Brij and P-1400 mixture after 15 days. The abnormal 273 

phenomenon in the last two emulsion bottles (at 8.5:1.5 and 9:1 mass ratio, after 15 days) with 274 

a top bluish layer and a bottom milky white layer was investigated by DLS and DSC analysis. 275 

It was found that the droplet size of the upper layer was about 55 nm while the latent heat was 276 

markedly lower than that of the lower layer, suggesting that sedimentation instead of creaming 277 

was responsible for the emulsion breakdown. The formation of a bottom milky layer with a 278 

higher density than water was probably attributed to the flocculation effect of polymeric 279 

surfactants. In contrast, the stability of nano-emulsions with the mixture of Brij and P-2250 280 

was mostly much higher except for that at 7:3 mass ratio showing creaming after 15 days. 281 

Overall, the combination of Brij and PE-b-PEG Mn~2250 (P-2250) was more effective than 282 

Brij and PE-b-PEG Mn~1400 (P-1400) to stabilize C16 nano-emulsions through multiple 283 

thermal cycles and long-term storage. 284 
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 285 

Fig. 1 Photos of 20% n-hexadecane nano-emulsions with 10% surfactant mixtures of Brij and 286 

PE-b-PEG Mn~2250 (P-2250) or PE-b-PEG Mn~1400 (P-1400) at mass ratios from 7:3 to 9:1 287 

upon preparation and after 50 thermal cycles, and 15-day storage at 25 ℃ (red arrows pointing 288 

at the break down spots). 289 

 290 

Fig. 2 shows the characteristics of nano-emulsions prepared with 20% n-hexadecane and 291 

10% surfactant mixture of Brij and P-2250 at mass ratios from 7:3 to 9:1. As shown in Fig. 2a, 292 

the droplet size of nano-emulsions upon preparation decreased with the increase in the mass 293 

ratio of Brij to P-2250, from the largest of 122.3 nm (PDI ~0.364) at 7:3 mass ratio to the 294 

smallest of 54.4 nm (PDI ~0.163) at 9:1 mass ratio. After 50 thermal cycles, the droplet size of 295 

nano-emulsion at 7:3 mass ratio was increased to 135.5 nm, while the other emulsion samples 296 

had only a slight change. A notable droplet size increase was also found for the emulsion 297 

sample at 8.5:1.5 mass ratio after 15 days. The nano-emulsions exhibited Newtonian fluid 298 

behavior because of stable apparent viscosities as the increasing shear rate (Supplementary data, 299 
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Fig. S1a). As shown in Fig. 2b, the apparent viscosity increased with the increasing P-2250 300 

content, from 15.7 mPaꞏs at 1% to a maximum 47.5 mPaꞏs at 3%, indicating a linear correlation 301 

and the significant impact of polymeric surfactant P-2250. 302 

 303 
Fig. 2 Characteristics of nano-emulsions containing 20% n-hexadecane and 10% surfactant 304 

mixtures of Brij and PE-b-PEG Mn~2250 (P-2250) at various mass ratios: (a) droplet size 305 

(columns) and PDI (scatter points); (b) apparent viscosity (at 60 s-1 and 25 ℃) as a function of 306 

the co-surfactant (P-2250 or Tween 60) content. 307 

 308 

The difference in the emulsion stability with PE-b-PEG Mn~1400 and ~2250 (P-1400 and 309 

P-2250) was due probably to their difference in the molecular structure, as given in Scheme 1. 310 

Both Brij and PE-b-PEG can be defined as CiEj, where C and E stand for the carbon number 311 

of alkyl tail and the ethoxy group number of PEO head, respectively [50]. Specifically, P-2250 312 

(C30E40) has a much bigger hydrophilic head group than P-1400 (C48E16) providing a stronger 313 

steric repulsion to protect the droplets from coalescence. Unlike Brij (C12E4), neither P-2250 314 

nor P-1400 could induce phase inversion and effectively stabilize emulsion alone. Therefore, 315 

the emulsion PIT point was mainly determined by the Brij content. On the other hand, P-2250 316 

could notably increase the viscosity of nano-emulsions, contributing positively to the emulsion 317 

stability and to the content reduction of Brij. As shown previously [16], a lower Brij content 318 

resulted in a higher PIT point, so that the addition of P-2250 could indirectly improve the PIT 319 

point and the emulsion stability. 320 

Based on the results, 8:2 mass ratio of Brij to P-2250 was chosen and further explained as 321 

follows. Firstly, the Brij and P-2250 mixture afforded more stable C16 nano-emulsions than 322 

the Brij and P-1400 combination. Secondly, the nano-emulsion sample at 8:2 mass ratio had a 323 

smaller droplet size and a smaller droplet size change after 15-day storage at 25 ℃ than the 324 

samples prepared at 7.5:2.5 or 8.5:1.5 mass ratio. Thirdly, the PIT point of the sample at 8:2 325 
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mass ratio was further away from room temperature than that of the sample at 9:1 mass ratio, 326 

and the higher viscosity at 8:2 mass ratio may increase the stability of nano-emulsions. 327 

3.1.2. Brij and Tween combinations 328 

Fig. 3 shows the photos of nano-emulsions prepared with mixtures of Brij and Tween 80 329 

or 60 upon preparation and after 50 thermal cycles, and 15 days. Initially, the nano-emulsions 330 

displayed bluish and translucent or transparent appearance except for the emulsion sample at 331 

5:5 Brij to Tween 80 mass ratio. However, the nano-emulsions turned milky after 50 thermal 332 

cycles and were eventually broken down after 15 days at 8:2 mass ratio of Brij to Tween 80 or 333 

60. The nano-emulsion prepared at 9:1 Brij to Tween 80 mass ratio also exhibited a slight 334 

breakdown after 15 days with a condensed milky layer appearing at the top. 335 

 336 

Fig. 3 Photos of 20% n-hexadecane nano-emulsions with 10% surfactant mixtures of Brij and 337 

Tween 80 or 60 at mass ratios from 5:5 to 9:1 upon preparation and after 50 thermal cycles, 338 

and 15-day storage at 25 ℃ (red arrows pointing at the break down spots). 339 
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 340 

Fig. 4 shows the characteristics of nano-emulsions prepared with 20% n-hexadecane and 341 

10% surfactant mixtures of Brij and Tween 80 or 60 from 5:5 to 9:1 mass ratio. As shown in 342 

Fig. 4a, a very small droplet size about 50 nm was attained at all Brij to Tween 80 mass ratios 343 

except 5:5, and the PDI was less than 0.2 in the initial nano-emulsions. The initial droplet size 344 

at 5:5 Brij to Tween 80 mass ratio was 111.3 nm, and was increased to 134.2 nm after 50 345 

thermal cycles. The droplet size at 7:3 Brij to Tween 80 mass ratio was also increased from the 346 

53.7 nm initially to 123 nm after 15 days. Because of emulsion breakdown, the droplet size at 347 

8:2 Brij to Tween 80 mass ratio showed a dramatic increase after 50 thermal cycles or 15-day 348 

storage. Additionally, a thin creaming layer on the top of the emulsion sample at 9:1 Brij to 349 

Tween 80 mass ratio after 15 days. Although the droplet size was small, a large PDI of ~0.5 350 

could still indicate the high inhomogeneity of the nano-emulsion. 351 

Fig. 4b shows the droplet size and PDI of nano-emulsions prepared by the mixture of Brij 352 

and Tween 60. The initial droplet size at 5:5 Brij and Tween 60 mass ratio was 68.9 nm, which 353 

was much smaller than that prepared with the same mass ratio of Brij and Tween 80. After 50 354 

thermal cycles and 15-day storage, the three emulsion samples at 5:5, 6:4 and 9:1 mass ratio 355 

showed a high stability with only minor changes in the droplet size. Only the nano-emulsion 356 

prepared with Brij and Tween 60 at 8:2 mass ratio showed a dramatic increase in the droplet 357 

size for a slight emulsion breakdown with a thin aqueous phase present at the bottom after 15 358 

days of storage. Overall, this set of results suggests that Tween 60 was more favourable than 359 

Tween 80 to combine with Brij to stabilize the C16 nano-emulsions. 360 

 361 
Fig. 4 Characteristics of nano-emulsions containing 20% n-hexadecane and 10% surfactant 362 

mixtures of Brij and Tween 80 or 60 at various mass ratio: (a) droplet size (columns) and PDI 363 

(scatter points) of nano-emulsions prepared with Brij and Tween 80; (b) droplet size (columns) 364 

and PDI (scatter points) of nano-emulsions prepared with Brij and Tween 60. 365 
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 366 

The nano-emulsions prepared with Brij and Tween 60 exhibited a nearly Newtonian fluid 367 

behavior with relatively constant apparent viscosities, all below 10 mPaꞏs (Supplemental data, 368 

Fig. S1b). Unlike polymeric surfactant P-2250, Tween 60 had little effect on the viscosity (Fig. 369 

2b), but a strong influence on the PIT point (derived from Supplemental data Fig. S2), as shown 370 

in Table 2. The increasing mass ratio of Tween 60 resulted in a significant increase in the PIT, 371 

from about 30 ℃ at 9:1 to over 60 ℃ at 5:5 mass ratio. A main reason is that Tween 60 has a 372 

larger PEO head group than Brij (20 vs. 4 ethoxy group number), while a less different alkyl 373 

tail group (18 vs. 12 carbon number). The packing parameter of the surfactant layer is lowered 374 

with more Tween 60 incorporated into the interface. With this, the nano-emulsions need to be 375 

heated to a higher temperature before the PIT point is attained [51]. 376 

The nano-emulsion with Brij and Tween 60 at 8:2 mass ratio had a PIT around 36 ℃, 377 

which was not much higher than room temperature. As afore mentioned, the interfacial tension 378 

would be low and unable to stabilize the droplets against coalescence. In fact, the sample at 8:2 379 

Brij to Tween 60 mass ratio became milky after a few hours at 25 ℃, while it remained bluish 380 

transparent after storage at 15 ℃ for about 5 days, indicating that the storage temperature 381 

should be around 20-30 ℃ below the PIT point. On the other hand, the nano-emulsion at 9:1 382 

Brij to Tween 60 mass ratio with the lowest PIT point remained stable during the test period. 383 

Therefore, the emulsion stability is a highly complicated problem and related to multiple 384 

factors. 385 

Based on the above results, the combination of Brij and Tween 60 at the optimal mass 386 

ratio of 6:4 was chosen for the following experiments. The PIT point of the sample at 9:1 mass 387 

ratio was very low, which would be undesirable for the TES system being constructed for 388 

cooling the room that may have a higher ambient temperature. As for the sample at 5:5 mass 389 

ratio, it had a larger droplet size and a higher PIT point which would require more energy for 390 

fabrication and regeneration of nano-emulsions. Overall, the sample at 6:4 mass ratio was most 391 

favourable with a suitable PIT point around 53 ℃, and a smaller droplet size of 61.5 nm after 392 

15-day storage. 393 

3.2. Surfactant content on emulsion properties  394 

Fig. 5 shows the characteristics of 20% nano-emulsions prepared with 8-12% surfactant 395 

mixture of Brij and PE-b-PEG Mn~2250 (P-2250) at 8:2 mass ratio. As shown in Fig. 5a, the 396 

droplet size decreased steadily with increasing surfactant content, approaching a low of 53.0 397 

nm with 12% of the surfactant mixture. As shown in Fig. 5b, the droplet size distribution shifted 398 
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to the right with decreasing surfactant content, to droplet size 87.0 nm at 8% surfactant. All 399 

nano-emulsion samples showed a high stability with negligible change in the droplet size or 400 

size distribution after 50 thermal cycles or 15 days at 25 ℃ (Fig. 5c-Fig. 5g). Similarly, the 401 

apparent viscosity of nano-emulsions did not vary significantly with the shear rate, indicative 402 

of Newtonian fluid behaviour (Supplemental data, Fig. S1c).  403 

 404 

Fig. 5 Characteristics of nano-emulsions containing 20% n-hexadecane and 8-12% surfactant 405 

mixture of Brij and P-2250 at 8:2 mass ratio: (a) droplet size (columns) and PDI (scatter points); 406 

(b) droplet size distribution upon preparation; (c-g) droplet size distributions of the samples at 407 

8% (c) - 12% (g) of surfactant upon preparation and after 50 thermal cycles, and 15-day storage. 408 

 409 

As shown in Fig. 6, the apparent viscosity increased rapidly with the surfactant content, 410 

from 11.1 mPaꞏs at 8% surfactant to 90.5 mPaꞏs at 12% surfactant, indicating a non-linear 411 

relationship with the surfactant content. Based all the results, the final surfactant content was 412 

chosen at 11% for the relatively small droplet size, relatively low viscosity and other desirable 413 

properties. With 20% PCM and 11% of the surfactant, the corresponding mass ratio PCM to 414 

surfactant was 20:11. 415 
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 416 
Fig. 6 Apparent viscosity (at 60 s-1 shear rate and 25 ℃) as a function of the content of 417 

surfactant mixtures (8:2 Brij to P-2250 or 6:4 Brij to Tween 60 mass ratios). 418 

 419 

Fig. 7 shows the characteristics of 20% nano-emulsions prepared with 8-12% surfactant 420 

mixture of Brij and Tween 60 at 6:4 mass ratio. The droplet size decreased with an increase in 421 

the surfactant content, i.e. from 92.5 nm at 8% to 45.6 nm at 12% of surfactant (Fig. 7a), and 422 

the size distribution also became smaller and narrower (Fig. 7b). Fig. 7c-Fig. 7g present the 423 

droplet size distribution of each emulsion sample with 8-12% surfactant upon preparation and 424 

after 50 thermal cycles, and storage for 15 days. A general trend with most of the samples was 425 

the shifting of droplet distribution peak to the right after 50 thermal cycles and 15 days. Notice 426 

that the droplet size was calculated based on the distribution peak and PDI. A small peak and 427 

a high PDI may contribute to a larger droplet size than a large peak and a small PDI, as was 428 

the case for the nano-emulsion with 8% surfactant (Fig. 7c). The droplet size distribution upon 429 

preparation (blue curve) was ‘fat’ with a smaller distribution peak at 73.53 nm and a higher 430 

PDI of 0.174, while it became ‘slimmer’ after 15 days (black curve) with a larger peak at 80.07 431 

nm and a smaller PDI of 0.081. This explanation is also valid for most of the nano-emulsions 432 

with smaller droplet size after 50 thermal cycles and 15 days. 433 
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 434 
Fig. 7 Characteristics of nano-emulsions containing 20% n-hexadecane and 8-12% surfactant 435 

mixture of Brij and Tween 60 at 6:4 mass ratio: (a) droplet size (columns) and PDI (scatter 436 

points); (b) droplet size distribution upon preparation; (c-g) droplet size distributions of the 437 

samples at 8% (c) - 12% (g) of surfactant upon preparation and after 50 thermal cycles, and 15-438 

day storage. 439 

 440 

Table 2 shows the PIT point nano-emulsions as a function of the mass ratio and total 441 

content of surfactant mixture, Brij and Tween 60. An increase in the surfactant content resulted 442 

in a lower PIT point range but a higher apparent viscosity that was linear with the content of 443 

surfactant mixture (Fig. 6). The emulsion sample with 8% of Brij and Tween 60 had the highest 444 

PIT range of 56-59 ℃ and was decreased to 48-51 ℃ with 12% of the surfactant mixture. The 445 

final surfactant content was chosen at 11% for the favourable properties such as the droplet 446 

size, apparent viscosity and PIT point. Correspondingly, the mass ratio of the PCM to surfactant 447 

mixture of Brij and Tween 60 was 20:11. 448 

 449 

 450 

 451 

 452 

 453 

 454 

 455 
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Table 2 Variation of the PIT point of nano-emulsions with the mass ratio and content of 456 

surfactant mixture Brij and Tween 60. 457 

Brij to Tween 60 mass ratio a  PIT point (℃) Surfactant content b PIT point (℃) 

9:1 28-31 8 56-59 

8:2 34-38 9 53-56 

7:3 41-45 10 51-55 

6:4 51-55 11 50-53 

5:5 62-65 12 48-51 

a. total surfactant content fixed at 10 wt%; b. mass ration of Brij to Tween 60 fixed at 6:4 458 
 459 

3.3. Effects of PCM content 460 

A relatively high PCM content is desirable for achieving a high thermal storage density. 461 

Considering different effects of the surfactant content on the apparent viscosity, the PCM 462 

content at 25% was tested for Brij and P-2250, while a higher PCM content up to 30% was 463 

chosen for Brij and Tween 60. The 25% C16 nano-emulsion with 13.75% surfactant mixture 464 

of Brij and P-2250 at 8:2 mass ratio formed a gel (Supplemental data, Fig. S3a) as expected 465 

from the non-linear relationship of the apparent viscosity to the surfactant content. 466 

The PCM content also had a significant effect on the apparent viscosity, especially with 467 

the relatively small droplets [11]. The 25% C16 nano-emulsion with the surfactant mixture of 468 

Brij and Tween 60 at 6:4 mass ratio had an apparent viscosity about 52.0 mPaꞏs, while 30% 469 

C16 nano-emulsion was far too viscous, as shown in Fig. S3b, for pipeline transportation. It 470 

should be noted that emulsion stability is of a higher priority for consideration as emulsion 471 

breakdown can cause drastic reduction of the efficiency or complete failure of the system due 472 

to pipeline blockage. Moreover, the working volumetric flow rate in the potential TES system 473 

is quite small, so that the pressure drop and pumping power consumption will not be too 474 

different from those with water. Consequently, a proper viscosity around 50 mPaꞏs is desirable 475 

for the emulsion stability as well as fluid transportation in pipes. With all these in consideration, 476 

the PCM content was recommended as 20% for Brij and P-2250 at 8:2 mass ratio or 25% for 477 

Brij and Tween 60 at 6:4 mass ratio, respectively. 478 

3.4. Thermal properties 479 

To reduce the high supercooling of n-hexadecane (C16) nano-emulsions, n-alkane n-480 
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octacosane (C28) was added as a nucleating agent. As shown in Table 3, the bulk C16 had a 481 

latent heat of ~245 J/g and supercooling degree of 1.25 ℃. Without the addition of nucleating 482 

agents, the supercooling degree of 20% C16 nano-emulsion stabilized by Brij and PE-b-PEG 483 

Mn~2250 (P-2250) was 5.13 ℃, and the latent heat was about 41 J/g, which was lower than the 484 

theoretical value of 49 J/g. The latent heat decrease of alkanes after emulsification is quite 485 

common as reported previously [52-54], which is mainly attributed to the difference of crystal 486 

morphology in bulk and in nano-droplet. For instance, Montenegro and Landfester [55] have 487 

shown the difference in the XRD intensities of bulk n-hexadecane and n-hexadecane nano-488 

emulsions, indicating the change in the crystal morphology. In addition, the latent heats of 20% 489 

and 25% n-hexadecane nano-emulsions were in the range of ~40 J/g to ~50 J/g (Table 3). The 490 

onset melting temperature was also decreased to 11.57 ℃. The difference between the bulk 491 

and the droplet melting point (ΔTm) is governed by the Gibbs-Thomson equation [56]: 492 

ΔTm=
2Tmγslv1

ΔslH
(5) 493 

where Tm is the melting point of bulk liquid, γsl is the interfacial tension, v1 is the molar volume 494 

of the liquid, and ΔslH is the molar enthalpy of melting. With the addition of C28, the onset 495 

freezing point was gradually increased while the onset melting temperature remained at a 496 

similar value. The supercooling degree was reduced to 3.77 ℃ at 2% C28 concentration , but 497 

the latent heat experienced a slight drop to 39 J/g. 498 

 499 

Table 3 Melting and freezing properties of C16 nano-emulsions with C28 as a nucleating agent. 500 

Content (wt%) ΔHm (J/g) ΔHf (J/g) Onset Tm (℃) Onset Tf (℃) ΔT (℃) 

20% C16 nano-emulsions with 11% Brij and P-2250 at 8:2 mass ratio 

Bulk C16 -244.75 247.94 17.40 16.15 1.25 

0 -41.31 41.09 11.57 6.44 5.13 

0.5  -39.63 39.99 11.84 7.70 4.14 

1.0  -37.67 37.62 11.97 7.80 4.17 

1.5  -38.40 38.75 12.03 8.08 3.95 

2.0  -39.09 39.43 12.11 8.34 3.77 

25% C16 nano-emulsions with 13.75% Brij and Tween 60 at 6:4 mass ratio 

0 -47.55 48.05 12.51 3.47 9.04 
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0.5 -51.11 51.49 12.24 4.05 8.19 

1.0 -48.34 48.47 12.25 5.05 7.20 

1.5 -49.76 50.20 12.13 6.31 5.82 

2.0 -49.51 49.87 12.49 
1st: 7.71 
2nd: 5.13 

4.78 

2.5 -50.88 51.81 12.44 
1st: 10.03 
2nd: 5.20 

2.41 

 501 

Table 3 also shows the thermal properties of 25% C16 nano-emulsions stabilized with 502 

Brij and Tween 60. Without the addition of C28, the supercooling degree was 9.04 ℃, which 503 

was consistent with the previously reported value of 8.93 ℃ using single Brij as surfactant [16], 504 

indicating that Tween 60 had no effect on the supercooling reduction. On the other hand, it was 505 

much higher than the corresponding value of 5.13 ℃ when the mixture of Brij and P-2250 was 506 

used, implying that P-2250 was effective to reduce the supercooling. Moreover, a few emulsion 507 

samples formed with Brij and PE-b-PEG Mn~1400 (P-1400) were also analysed by DSC upon 508 

preparation, though the data was not shown because of their poor stability. On the other hand, 509 

the supercooling degrees of the nano-emulsions with Brij to P-1400 mass ratio were up to 510 

7.0 ℃, much higher than the emulsions prepared with Brij and P-2500. Compared with P2500 511 

(C30E40), P-1400 (C48E16) with a longer hydrocarbon chain was less effective to lower the 512 

supercooling. This result suggests that structure characteristics other than the chain length of 513 

hydrocarbon molecules are also important factors affecting the nucleation of nano-emulsions. 514 

Similarly, the addition of C28 had little effect on the onset melting point but increased the 515 

onset freezing point. As a result, the lowest supercooling degree was 2.41 ℃ at 2.5% C28 516 

content. However, two separated freezing peaks were observed with the second peak at 5.2 ℃. 517 

The second peak started to appear at 2% C28 content and remained still with the onset freezing 518 

point at around 5 ℃, which was close to that at 1% C28. The presence of double freezing points 519 

was probably attributed to the formation of different crystal forms of C16 in nano droplets at a 520 

high C28 content. Based on this set of experiments, 2% was chosen as the optimal content due 521 

to the low supercooling degree and mainly singular crystallization curves (Supplemental data, 522 

Fig. S4). 523 

3.5. Stability after repeated thermal cycles and long period storage 524 

The two PCM nano-emulsions from above were further evaluated for long-term stability 525 

after 300 thermal cycles and long period of storage. Fig. 8 displays the characteristics of nano-526 

emulsion with 20% C16, 11% the Brij and P-2250 mixture and 2% C28, designated A. As 527 
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shown in Fig. 8a, the initial nano-emulsion A had a narrow size distribution and a small droplet 528 

size of 68.94 nm (Table 4). However, there was 1.1% volume of the C16 droplets at the 529 

distribution peak of 4-6 μm. This may be attributed to the high viscosity of coarse W/O 530 

emulsion when crossing the PIT zone, which may affect the interfacial arrangement of P-2250. 531 

Nano-emulsion A was very stable with small droplet size change after 30 days and 300 thermal 532 

cycles, while the volume proportion at the distribution peak of 4-6 μm further increased to 1.5% 533 

and 1.8%, respectively. For a longer storage period up to 90 days, the lower layer had 1.8% 534 

volume at the distribution peak of 4-6 μm, which resulted in an increasing droplet size to 80.89 535 

nm. Correspondingly, the upper layer had no distribution peak at 4-6 μm and therefore a smaller 536 

droplet size of 67.83 nm. 537 

Fig. 8b shows the DSC curves of nano-emulsion A upon preparation and after 300 thermal 538 

cycles and long period storage. Thermal properties were changed, such as an increase in the 539 

supercooling degree to 6.63 ℃ and a slight decrease of latent heat after 300 thermal cycles, or 540 

little change in the supercooling degree but a notable decrease of latent heat to about 37.5 J/g 541 

after 30 days. Besides, the upper layer of nano-emulsion A after 90 days had better thermal 542 

properties, e.g., higher latent heat and lower supercooling degree, than the lower layer. As 543 

shown in Fig. 8c, the photos of nano-emulsion A are more obvious to explain the change. The 544 

initial nano-emulsion A showed an optical translucent appearance, but turned milky with a 545 

larger droplet size and higher supercooling degree after 300 thermal cycles. After storage for 546 

30 days, the appearance of nano-emulsion A was still similar to the initial, suggesting little 547 

change in the droplet size and supercooling degree. For a longer period (90 days), the lower 548 

layer of nano-emulsion A became milky but no obvious change in the upper layer, implying 549 

differences in the nano-emulsion properties. Moreover, although C28 had good compatibility 550 

with C16, the addition of C28 may induce the emulsion instability since 20% C16 nano-551 

emulsion with no C28 remained uniform and translucent for over 120 days. Fig. 8d gives the 552 

micrograph of initial nano-emulsion A under the optical microscope, where only very small 553 

and uniform PCM droplets were observed. 554 

 555 
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 556 

Fig. 8 Characteristics of nano-emulsion A with 20% n-hexadecane, 11% the mixture of Brij 557 

and P-2250 at 8:2 mass ratio and 2% C28 as a nucleating agent: (a) the droplet size distribution; 558 

(b) DSC curves; (c) photos of nano-emulsion A, and the corresponding sample without C28; 559 

(d) micrograph under optical microscope (1000×). 560 

 561 

Table 4 The droplet size and thermal properties of nano-emulsion A and B. 562 

 Stage Diameter (nm) PDI ΔHm (J/g) ΔHf (J/g) ΔT (℃) 

A 

0 day 68.94 ± 0.15 0.202 ± 0.005 -39.09 39.43 3.77 

300 cycles 79.88 ± 0.74 0.229 ± 0.002 -38.66 38.50 6.63 

30 days 72.82 ± 0.84 0.233 ± 0.010 -37.31 37.56 4.08 

90 days-upper 67.83 ± 0.21 0.114 ± 0.005 -38.98 39.83 4.63 

90 days-lower 80.89 ± 0.29 0.206 ± 0.009 -34.81 35.16 5.47 

B 

0 day 57.20 ± 0.98 0.085 ± 0.010 -49.51 49.87 4.78 

300 cycles 56.29 ± 0.35 0.210 ± 0.011 -49.51 50.54 5.04 

120 days 70.72 ± 1.05 0.063 ± 0.008 -50.03 50.71 5.00 

 563 
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The above results of nano-emulsion A suggest that polymeric surfactant detachment may 564 

occur after multiple thermal cycles or long period storage. It would be difficult for P-2250 to 565 

be reabsorbed at the interface due probably to its big molecular weight, leading to a higher 566 

supercooling degree after 300 thermal cycles. Meanwhile, the detached P-2250 would sediment 567 

after long period leading to the differences of the droplet size and thermal properties between 568 

the upper and lower layers. 569 

Fig. 9 shows the characteristics of nano-emulsion with 25% C16, 13.75% the Brij and 570 

Tween 60 mixture and 2% C28, designated B. As shown in Fig. 9a, the initial size distribution 571 

of nano-emulsion B was narrow with small droplet size of 57.20 nm, which had a small shift 572 

to the right after 120 days storage with the increasing droplet size 70.72 nm. After 300 thermal 573 

cycles,  a small portion (1% by volume) of the C16 droplets at the distribution peak of 4-6 μm 574 

appeared with the main distribution peak staying still. Unlike nano-emulsion A, nano-emulsion 575 

B was more stable in terms of thermal properties as very small differences between the 576 

supercooling degree and latent heat after 120 days and 300 thermal cycles (Fig. 9b). As seen 577 

from the photos in Fig. 9c, the initial nano-emulsion B exhibited a bluish transparent color and 578 

became optical translucent after 300 thermal cycles and 90 days storage. The main reason could 579 

be either a small volume proportion at the distribution peak of 4-6 μm or a shifting main 580 

distribution peak. On the other hand, the addition of C28 seemed to have the positive effect on 581 

the emulsion stability, comparing to the appearances of nano-emulsions with and without C28 582 

after 120 days. It further illustrates that the mechanism of emulsion instability is complicated 583 

and the same factor may have different effect depending on the different oil/surfactant systems. 584 

The micrograph of initial nano-emulsion B was given in Fig. 9d, where it contained very small 585 

and uniform PCM droplets, consisting with the droplet size detected by the DLS. Overall, nano-586 

emulsion B had the better stability and more stable thermal properties than nano-emulsion A, 587 

which showed great potential for further development and application as a cool storage medium 588 

for the TES systems.  589 

 590 
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 591 

Fig. 9 Characteristics of nano-emulsion B with 25% n-hexadecane, 13.75% the Brij and Tween 592 

60 mixture at 6:4 mass ratio and 2% C28 as a nucleating agent: (a) the droplet size distribution; 593 

(b) DSC curves; (c) photos of nano-emulsion B, and the corresponding sample without C28; 594 

(d) micrograph under optical microscope (1000×). 595 

4. Conclusions 596 

Highly stable n-hexadecane PCM nano-emulsions have been fabricated through the use 597 

of two surfactants in combination, Brij L4 as the primary and PE-b-PEG Mn~2250 (P-2250) or 598 

Tween 60 as the co-surfactant. The droplet size of nano-emulsions was well controlled within 599 

100 nm, which was mainly dependent upon the content of primary surfactant, while the 600 

polymeric co-surfactant P-2250 had a significant influence on the viscosity and a positive effect 601 

to lowering the supercooling degree, due probably to its long hydrocarbon chain promoting the 602 

nucleation of n-hexadecane in nano-droplets. The hydrophilic surfactant Tween 60 was 603 

effective to raise the PIT point to above 50 ℃, though it had little effect on the supercooling 604 

of nano-emulsions. In addition to the type and combination of surfactants, the mass ratios of 605 

two surfactants in the mixture and the relative content of surfactant to PCM were major factors 606 

for the formulation of stable nano-emulsions. After systematic evaluation of these factors, a 607 

few optimized formations of n-hexadecane nano-emulsions were derived, exhibiting a 608 
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Newtonian-flow behaviour with a low viscosity of ~50 mPaꞏs and a low supercooling degree 609 

of 3-4 ℃, which could sustain multiple thermal cycles and long period of storage. Further study 610 

is undergoing to test the optimized PCM nano-emulsions in a pilot TES system and to evaluate 611 

their dynamic stability and performance. Moreover, more effective measures need to be 612 

developed to achieve and maintain a much lower degree of supercooling of the PCM nano-613 

emulsions. 614 
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