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Abstract 

This study presents the preparation of n-tetradecane-in-water emulsions with different weight ratios of n-tetradecane and water, 
and their potential application in packaging and shipping vaccines. The size and distribution of the n-tetradecane droplets are 
characterized using optical microscopy and light scattering methods, respectively. The thermal properties of the emulsions are 
determined using the T-history method. In the results, the emulsions, which are comprised of 17 ~ 30 wt% oil, 3 wt% surfactant, 
and 67 ~ 80 wt% water, are stable and have droplet sizes in the range of 100 to 800 nm. The thermal properties demonstrate that 
subcooling is prevented through increasing the droplet size. The results indicate that the n-tetradecane/water emulsions containing 
25 ~ 35 wt% n-tetradecane, with a melting point of 2 ~ 8 °C and a latent heat of 227.0 ~ 250.8 kJ kg-1, are good candidate 
materials for packaging and shipping vaccines. 
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1. Introduction

Because the energy demand for cooling applications has 
increased rapidly in recent years due to climate change, use of 
light building materials, and the global rise in indoor comfort 
expectations, the energy demand for cooling applications has 
been increasing [1]. The distinct increase in the peak cooling 
demand is also impacted by the growth in power consumption 
and seasonal energy peaks [1,2]. The increased power consump-
tion has also been enabled by the existence of power grids. In 
order to reduce the increasing electricity consumption for cool-
ing applications and to reduce the energy load through shifting 
the energy consumption from on-peak to off-peak times, thermal 
energy storage technologies have been developed. In general, 
water or brine has been used as a heat transfer fluid to store or 
transfer energy using the heat capacity of water [1]. However, 
the storage capacity remains low due to the small temperature 
differences between the forward flow and backward flow in 
cold supply networks. Recently, in order to resolve this problem, 
the phase change materials (PCMs) such as ice/water [3,4], 

mixtures of capric and lauric acids [5], Mn(NO3)2.6H2O [6], and 
mixtures of tetradecane and hexadecane [7-9] have been dev-
eloped as latent heat storage systems. As has been reported, the 
energy storage density can be increased with small temperature 
swings. However, an additional fluid for the heat transfer between 
PCMs and heat/cold sources is required for PCM systems due 
to the phase transition, and this results in a decreasing heat 
transfer rate [1].

Recently, phase change slurry (PCS), which consists of a dis-
persed phase and a continuous phase, has been developed to 
overcome the process restrictions discussed above. Due to the 
large surface to volume ratio of the dispersed phase, the heat 
transfer rate of PCS is higher than that of the PCMs [1]. In 
general, a PCS structure is based on paraffin. There are three 
types of PSCs: shape-stabilized paraffin-in-water suspensions, 
microencapsulated paraffin-in-water suspensions, and paraffin- 
in-water emulsions. It should be noted that the shape-stabilized 
paraffin-in-water suspensions and microencapsulated paraffin- 
in-water suspensions require supporting or coating materials. 
Therefore, these PCSs have additional costs. Furthermore, the 
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Figure 1. Schematic of the T-history method.

viscosity and heat transfer resistance are also increased [1]. It 
is known that the heat transfer rate of paraffin-in-water emulsions 
is enhanced due to the direct contact between the paraffin and 
water; however, instability and subcooling become significant 
problems in these systems [10,11]. 

It is well known that n-tetradecane has a low melting tem-
perature, a high latent heat, an acceptable cost among n-paraffins, 
and a stable melting/thawing process. In addition, it does not 
exhibit a tendency to separate; it is chemically stable, safe, non- 
reactive, and compatible with all metal containers; and it can 
easily be incorporated into a heat storage system with a high 
fusion heat [12]. Water has a high specific heat and is a low- 
cost material. Considering these factors, as part of the search 
for efficient PCSs, the preparation of n-tetradecane/water emul-
sions is presented with the optimization of these emulsions for 
use as efficient PCSs in packaging and shipping vaccines. For 
this purpose, an experimental approach was designed for the 
n-tetradecane/water (O/W) emulsions with the assistance of the 
surfactant and an Ultra Turrax. It is expected that the optimized 
PCS will combine both the high latent heat and melting point 
in range of 2 ~ 8 °C. 

2. Experimental

2.1. Materials
N-tetradecane (99%), which has a freezing point of 5.5 °C 

and a latent heat of 231 kJ kg-1 [13], was purchased from Kanto 
Chemical Co., Inc. Ethyl alcohol was obtained from Samchun 
Pure Chemical Co., Ltd. Water with a freezing point of 0 °C 
and a latent heat of 333 kJ kg-1 was received from J. T. Barker 
Chemical Company. Triton X-100 and Span 60 were purchased 
from Sigma-Aldrich. 

2.2. Preparation of emulsions
The surfactant was prepared by mixing 33.33 wt% of Triton 

X and 66.67 wt% of Span 60. Then, 3 wt% of the surfactant 
was added to the mixtures of n-tetradencane and water with 
different weight ratios of n-tetradecane and water. Finally, the 
mixtures were stirred at 5000 rpm for 5 min using an Ultra Turrax 
(IKA). The as-prepared emultions were stored at room tempera-
ture for 24 h before further analysis. 

2.3. Characterization 
The melting temperatures and latent heats of the emulsions 

were characterized using the T-history method as used previously 
[12]. The system is presented in Figure 1. The method was per-
formed using a chiller (HST-205 WL, Han Baek St Co., Ltd.) 
with a temperature range of -8 to 20 °C. Ethanol was used as 
the reference material. The droplet size distribution was mea-

sured using optical microscopy (Nikon digital sight DS-Fi2) and 
the light scattering method using a zeta-potential and particle 
size analyzer (ELSZ-2, Otsuka electronics Co., Ltd).

3. Results and Discussion

It is well known that n-tetradecane and water are immiscible 
and always separate. Thus, a nonionic surfactant (S) was used 
to stabilize the emulsions. In general, surfactants have two parts: 
a non-polar hydrophobic part and a polar or ionic part. The 
n-tetradecane-in-water emulsion is defined by the dispersion of 
n-tetradecane droplets in water. Note that the surfactant molecules 
are adsorbed at the interface between the n-tetradecane and 
water. In order to stabilize the emulsions, the hydrophilic- 
lipophilic balance (HLB) value of the emulsifiers should be 
close to that of n-tetradecane: the emulsifiers should have a 
HLB of 8 ± 1 because the HLB value of n-tetradecane is 8 
[14]. The HLB values of Triton X-100 and Span 60 are 14.3 
and 4.7, respectively. Therefore, based on the HLB values, the 
emulsifier formula for the n-tetradecane-in-water system that 
consisted of 33.33 wt% Triton X-100 and 66.67 wt% Span 60 
was determined. 

Figure 2(a) illustrates the method of obtaining an O/W emul-
sion. As seen in the figure, the mixture of the emulsifier with 
water and n-tetradecane was prepared via vigorous mixing in 
an Ultra Turrax for 5 min at 5000 rpm at room temperature. 
Figure 2(b) presents an emulsion prepared using 10 wt% oil, 
3 wt% surfactant, and 87 wt% water. The obtained emulsion 
was stored at a constant temperature of 25 °C for 24 h. The 
formation of the emulsion was confirmed through optical 
microscope measurements. The results are presented in Figures 
2(c) and 2(d). As observed in Figure 2(c), the n-tetradecane 
with spherical droplets was dispersed in the water. The size of 
the droplets was less than 10 µm. The size distribution of dro-
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Figure 2. (a) Illustration of an oil-in-water emulsion, (b) Photograph of the n-tetradecane-in-water emulsion with 10 wt% n-tetradecane, 87 
wt% water, and 3 wt% surfactant, (c) Microscopy of the emulsion from (b), (d) Droplet distribution of the emulsion in (b).

Figure 3. Photographs and droplet size distributions of the different n-tetradecane-in-water emulsions.

plets was further analyzed using the light scattering method, as 
depicted in Figure 2(d). As seen in the figure, the size of the 
droplets was in range of 100 ~ 8000 nm with an average size of 
756.6 nm. These results are in good agreement with the micro-
scope data. 

It is well known that the effect of the emulsion composition 
on the thermal properties is related to its droplet size and the 
ratio of components in the emulsion. In order to optimize the 
emulsion formula to obtain high thermal properties, a set of emul-
sions composed of water, n-tetradecane, and surfactant with diffe-
rent weight ratios of water and n-tetradecane was prepared. The 
emulsions were denoted as W87O10S3, W80O17S3, W70O27S3, 
W67O30S3, and W62O35S3, where the subscript numbers refer to 
the wt%. Photographs of the emulsions are presented in Figure 
3. As seen in the figure, the emulsions with different weight ratios 
of water and n-tetradecane were successfully prepared. However, 

stable emulsions were only obtained when the emulsions were 
prepared using n-tetradecane content from 10 ~ 30 wt%; the emul-
sions became unstable with further increases in the n-tetradecane 
content, as depicted in Figure 3. 

Figure 3 also depicts the size and distribution of the droplets, 
which were measured using the light scattering method. It should 
be noted that the measurements were obtained 24 h after pre-
paration. The droplet distributions are presented in Figure 3, 
and the average particle sizes are listed in Table 1. It was 
found that the n-tetradecane fraction had a significant effect on 
the droplet sizes and their distribution. As seen in Figure 3, 
the droplet sizes increased with increases in the n-tetradecane 
content in the mixture solution used during the preparation. 
Furthermore, the mean diameter was 756.6 nm for W87O10S3, 
865.4 nm for W80O17S3, 963.8 nm for W70O27S3, and 1248.7 
nm for W67O30S3.
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Table 1. Characterization of the emulsions with different components

Emulsion W87O10S3 W80O17S3 W72O25S3 W70O27S3 W69O28S3 W67O30S3

Diameter (nm) 756.6 865.4 916.8 963.8 982.1 1248.7
Ts (°C) -5.55 ± 0.45 -1.20 ± 0.19 1.45 ± 0.07 3.00 ± 0.17 2.50 ± 0.14 1.50 ± 0.00
Tm (°C) 0 0 1.45 ± 0.07 3.00 ± 0.17 2.50 ± 0.14 1.50 ± 0.00
Ti (°C) 5.70 ± 0.52 -4.48 ± 0.04 -3.85 ± 0.07 -3.70 ± 0.00 -2.90 ± 0.00 -4.53 ± 0.51

∆T = Ts-Tm (°C) -5.55 ± 0.16 -1.20 ± 0.19 0 0 0 0
Cpl (kJ kg-1.K-1) 3.81 ± 0.16 4.16 ± 0.31 4.21 ± 1.01 6.63 ± 0.92 4.93 ± 0.21 5.06 ± 0.61
Cps (kJ kg-1.K-1) 0.79 ± 0.13 1.16 ± 0.39 1.40 ± 0.13 4.08 ± 0.37 2.81 ± 0.37 1.64 ± 0.52

Hm (kJ kg-1) 211.85 ± 7.07 237.37 ± 3.01 250.80 ± 0.36 227.00 ± 11.77 34.04 ± 1.79 22.18 ± 1.92

Ts: solid state temperature (oC) Tm: melting point temperature (oC)
Ti: point of inflection temperature (oC) Cpl: specific heat at constant pressure of liquid state (kJ/(kg K))
Cps: specific heat at constant pressure of solid state (kJ/(kg K)) Hm: heat of fusion (kJ/kg)

Figure 4. Thermo-physical properties of the different n-tetradecane-in-water emulsions.
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Figure 5. Photographs and droplet size distributions of two diffe-
rent n-tetradecane-in-water emulsions: (a) 72 wt% water, 
25 wt% n-tetradecane, and 3 wt% surfactant; (b) 69 wt% 
water, 28 wt% n-tetradecane, and 3 wt% surfactant.

From nucleation theory, subcooling is expected to increase with 
decreases in the droplet diameter [15]. Furthermore, the theory 
determines the number of nucleation events that are generated 
at a given temperature per bulk volume and unit time. According 
to the theory, nucleation occurred in every volume individually 
if the dispersed phase was separated into numerous smaller 
volumes. In the O/W emulsion, the droplets of the oil phase 
were dispersed inside the water phase through the surfactant, 
which resulted in the crystallization that occurred only inside 
the oil droplets. Therefore, the crystallization of the O/W emul-
sion is affected by the size and distribution of the droplets.

In order to investigate the phase change behaviors, such as 
melting temperature (Tm), point of inflection temperature (Ti), 
solidification temperature (Ts), and latent heat (Hm), the T-history 
method was used. This method has been carefully described in 
the literature [16]. Note that the inflection point is used in-
stead of the release temperature of supercooling which has no 
physical meaning for improving the accuracy [16]. The results 
are presented in Figure 4 and Table 1. Figure 4 presents the 
T-history results obtained with different emulsions. As seen in 
Figure 4, the subcooling was removed when the oil content was 
higher than 17 wt%. For more precise screening of the subcoo-
ling temperature in the range of interest, two additional samples 
with 25 wt% and 30 wt% were prepared (Figure 5). The T- 
history results of the additional emulsions are also included in 
Figure 4 and Table 1. As observed, the solidification tempera-
ture increased from -5.55 °C to 3 °C, which corresponds to the 
oil content increasing from 10 to 27 wt%, and the subcooling 

became smaller with further increases in the oil content. The 
melting temperature also increased with increases in the oil 
content from 10 to 27 wt%, and it decreased with further in-
creases in the oil content. The trend of the melting temperature 
was similar to that of the solidification temperature. Thus, the 
subcooling (ΔT = 0) did not appear in the emulsion prepared 
from 25 wt% oil, 72 wt% water, and 3 wt% surfactant, as 
described in Table 1. Based on these results, it can be concluded 
that the subcooling became larger with decreases in the droplet 
diameter. This result is in good agreement with Gunther’s 
report [15]. 

Table 1 also presents the fusion heat of the different emul-
sions. As seen in the table, the latent heat increased with in-
creases in the oil content from 10 to 25 wt%, and it decreased 
with further increases in the oil content. The highest fusion heat 
was 250.80 kJ kg-1 for the emulsion prepared using 25 wt% oil, 
72 wt% water, and 3 wt% surfactant. It is well known that high 
fusion heat and no subcooling are expected in PCM applications. 
In general, subcooling can be solved through two methods: the 
use of nucleating agents [17] and careful selection of the droplet 
size [15]. The obtained results are in good agreement with the 
literature [15]. It should be noted that the PCM, which has a 
melting temperature of 2-8 °C, a high fusion heat, and no sub-
cooling, is useful for packaging and shipping vaccines [13]. 
Based on this background, the obtained emulsions (W72O25S3 and 
W70O27S3) could be selected as PCMs for shipping vaccines.

4. Conclusion

O/W emulsions were successfully prepared with different 
weight ratios of n-tetradecane, water, and surfactant at 5000 
rpm for 5 min. The emulsion was a binary fluid comprising 
a collection of small oil droplets with dimensions of 100 ~ 800 
nm and dispersed in water using a mixture of Triton X-100 and 
Span 60 surfactants. The steady states of the emulsions were 
comprised from 10 ~ 35 wt% oil, 3 wt% mixing surfactant (33.33 
wt% of Triton X-100 and 66.67 wt% of Span 60), and 62 ~ 87 wt% 
water. Subcooling was avoided through controlling the droplet 
size and emulsion composition. The thermal properties and st-
ability of the emulsions were investigated for use in packaging 
and shipping vaccines. In the results, a melting temperature of 
2 ~ 8 °C and a latent heat of 227 ~ 250.8 kJ kg-1 were achieved 
for W72O25S3 and W70O27S3, which have potential for cooling 
applications, particularly in packaging and shipping vaccines.
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