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Abstract Nanoencapsulation has emerged as an effective strategy to address challenges 11 

such as leakage during phase change while enhancing thermophysical properties of 12 

phase change materials. Dicarboxylic acids, characterized by high latent heat, low 13 

supercooling, and excellent thermal stability, are highly promising for medium-14 

temperature thermal energy storage. However, research on the microencapsulation of 15 

these materials remains limited, with only one prior study focusing on water-soluble 16 

glutaric acid. This manuscript introduces a novel method for nanoencapsulating water-17 

insoluble phase change materials with melting points exceeding 100 ℃, demonstrated 18 

through the nanoencapsulation of sebacic acid. The developed nanocapsules exhibited 19 

spherical morphology with particle sizes uniformly distributed between 200 and 500 nm. 20 

Key findings include a melting temperature of 130.5 ℃, a melting enthalpy of 164.4 21 

kJ·kg-1, minimal supercooling of 2.0 ℃, an encapsulation ratio of 73.9%, and a thermal 22 

reliability of 94.5% after repeated thermal cycling. Encapsulation significantly enhanced 23 

thermal degradation resistance, improved thermal conductivity by 15.0% with just 1.0 24 

wt% nanocapsules in thermal fluid, and reduced pumping power requirements by up to 25 

78.0% for 10.0 wt% nanocapsule suspensions at 25 ℃ compared to the base fluid. These 26 

results highlight the great potential of sebacic acid nanocapsules for medium-27 
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temperature thermal energy storage and transfer systems. 28 

Keywords: Thermal energy storage, Phase change material, Sebacic acid, Sodium 29 

silicate, SiO2 30 
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Nomenclature  

cp specific heat, kJ·kg-1·K-1 T temperature, K 

DSC differential scanning calorimeter TES thermal energy storage 

E encapsulation efficiency TSI Turbiscan stability index 

FT-IR Fourier transform infrared 

spectroscopy 

u flow velocity, m·s-1 

G volume flow rate, m3·s-1 W/O water-in-oil 

Hm melting enthalpy, kJ·kg-1 XBS average backscattered light 

intensity 

Hs solidification enthalpy, kJ·kg-1 Xi average transmitted light 

intensity 

L length, m XRD X-ray diffraction 

n the number of scans TGA thermogravimetric analysis 

N ratio of pumping power Greek letters 

NESA nanoencapsulated SA μ dynamic viscosity, Pa·s 

O/W oil-in-water ρ density, kg·m-3 

P pumping power, kW ε the mass fraction 

PCM phase change material Δ change in parameter 

PVP polyvinylpyrrolidone Subscripts 

Q heat transfer rate, kW l latent 

R encapsulation ratio m melting 

Rrel thermal reliability o heat transfer oil 

Re Reynolds number s solidification 

SA sebacic acid sp Span 80 

SEM-

EDS 

scanning electron microscope and 

energy-dispersive 

se sensible 

Span 80 sorbitan oleate t total heat capacity 
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1 Introduction 32 

The adoption of clean and sustainable renewable energy sources has emerged as a 33 

promising solution to numerous environmental challenges. However, these energy 34 

sources are usually intermittent and inefficiently utilized, necessitating the development 35 

of effective energy storage technologies. Among these, thermal energy storage systems 36 

(TES) systems based on phase change materials (PCMs) have gained significant 37 

attention due to their ability to provide high-density heat storage within a narrow 38 

temperature range around the phase change temperature. Despite their advantages, 39 

practical applications of solid-liquid PCMs are hindered by issues such as melt leakage, 40 

corrosion, volume changes, low thermal conductivity, and high supercooling. Various 41 

methods, including the provision of extended surfaces like fins or heat pipes [1], the 42 

use of multiple PCMs [2], and enhancements targeting the PCM's performance [3], have 43 

been proposed to address these limitations. For instance, the addition of thermally 44 

conductive nanofillers, such as SiC [4], Cu/graphene oxide [5], boron carbide [6], and 45 

carbon quantum dots [7], has been explored to improve thermal conductivity, stability, 46 

and supercooling reduction. However, challenges such as particle aggregation, 47 

sedimentation, and ensuring long-term cycling stability remain critical barriers [8]. 48 

Shape-stable composite PCMs, prepared through porous material adsorption or 49 

microencapsulation, offer alternative solutions. Porous material adsorption relies on 50 

capillary forces and surface tension to confine PCMs, with expanded graphite being a 51 

commonly used material [9]. Meanwhile, microencapsulation forms a core-shell 52 

structure that minimizes chemical reactions between the PCM and its environment 53 

while controlling volume changes during phase change process.  54 

Despite these advancements, the development of PCMs for medium-temperature 55 

applications, such as concentrating solar power systems and industrial waste heat 56 

recovery [3, 10], remains insufficient. It was found that up to 5-6% of total energy 57 

consumption at 100-300 ℃ can be recovered and used [11]. Recent studies have 58 

highlighted the potential of organic medium-temperature PCMs, particularly sugar 59 
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alcohols, due to their minimal phase segregation and corrosion compared to inorganic 60 

PCMs. However, sugar alcohols suffer from significant drawbacks, including high 61 

supercooling and poor thermal stability. For example, erythritol [12], inositol [13], d-62 

mannitol [14] and galactitol [15] exhibit supercooling up to 89.3 ℃, 43.1 ℃, 52.9 ℃ 63 

and 78.1 ℃, respectively. High supercooling is undesirable for efficient energy storage 64 

applications [16], while Solé et al. [15], Neumann et al. [17] and Garcia et al. [18] show 65 

remarkable degradation of sugar alcohols under both aerobic and anaerobic conditions. 66 

These limitations underscore the need for alternative PCMs with inherently lower 67 

supercooling and enhanced thermal stability. 68 

In contrast, dicarboxylic acids, another class of organic medium temperature 69 

PCMs, exhibit desirable properties such as low supercooling, high latent heat and cost-70 

effectiveness. Despite these advantages, their potential as PCMs has been largely 71 

overlooked [19]. Sebacic acid (SA), for instance, is an attractive candidate due to its 72 

phase change temperature around 130 ℃, supercooling below 5 ℃, and latent heat 73 

exceeding 200 kJ·kg-1. Haillot et al. [20] demonstrated SA's excellent thermal stability 74 

in nitrogen and air environments, considering it as a promising organic PCM for solar 75 

industrial process heat supply and heat recovery. However, most study on SA has 76 

focused on its use as a chemical raw material rather than its application in energy 77 

storage. To address this gap, recent efforts have explored the encapsulation of DAs 78 

using porous materials like expanded graphite [21-24] or carbon nanotube sponges [25, 79 

26]. While these approaches mitigate leakage to some extent, the open-pore structure 80 

of porous materials limits their sealing performance. Microencapsulation, on the other 81 

hand, offers a denser protective shell and enhances heat transfer by reducing PCM size 82 

to micrometers or nanometers [27, 28]. Furthermore, nanoencapsulated PCMs can be 83 

dispersed in working fluids to form latent heat functional fluids, enabling efficient 84 

thermal energy transport and storage [29]. Despite these advantages, research on the 85 

encapsulation of water-insoluble dicarboxylic acids remains scarce, with only one study 86 

reported on the microencapsulation of a water-soluble dicarboxylic acid for thermal 87 
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energy storage [8]. This highlights a critical knowledge gap that the current study aims 88 

to address. 89 

To overcome the challenges associated with encapsulating water-insoluble PCMs 90 

with melting points exceeding the boiling point of water, this study proposes a novel 91 

encapsulation method. Traditional encapsulation methods typically rely on oil-in-water 92 

(O/W) emulsion for water-insoluble PCMs or water-in-oil (W/O) emulsion for water-93 

soluble PCMs [30-32]. To maintain emulsion stability, the PCM's melting temperature 94 

must be significantly lower than the boiling point of the continuous phase. However, 95 

for medium-temperature PCMs, where the melting temperature exceeds the boiling 96 

point of water, conventional encapsulation methods based on O/W emulsion are 97 

unsuitable. Similarly, for water-insoluble PCMs, W/O emulsion-based encapsulation 98 

methods also prove ineffective. onsequently, this study focuses on developing a robust 99 

encapsulation strategy specifically designed for water-insoluble PCMs. SA was used as 100 

the core PCM. To the best of our knowledge, no one has reported nanoencapsulation of 101 

SA. Among the available shell materials, inorganic shells like silica are preferred over 102 

organic shells due to their superior thermal stability, flame retardancy, and higher 103 

thermal conductivity [33, 34]. Silica, in particular, has demonstrated excellent coating 104 

properties for carboxylic acid PCMs [8, 35-37], with precursors such as tetraethyl 105 

orthosilicate (TEOS) commonly used. However, the high cost and potential toxicity of 106 

TEOS limit its scalability for commercial applications. Sodium silicate, an alternative 107 

silica precursor, offers a cost-effective and environmentally friendly solution due to its 108 

abundance, low cost, and non-toxicity [37-39]. However, only a few experimental 109 

studies have explored PCM encapsulation using sodium silicate as a precursor, often 110 

resulting in a low encapsulation ratio. This presents another challenge that needs to be 111 

addressed in this work. Building on previous research, this study utilizes sodium silicate 112 

as the precursor and investigates the influence of pH on the nanoencapsulation process, 113 

a key factor in achieving high-quality nanocapsules. This study aims to advance the 114 

nanoencapsulation of water-insoluble medium-temperature PCMs, providing a 115 
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foundation for their broader application in thermal energy storage and transfer systems. 116 

2 Materials and methods 117 

2.1 Materials 118 

Sebacic acid (SA, C10H18O4, Purity: 99%, Density: 1210 kg·m-3, Specific heat of 119 

solids: 2.38 kJ·kg-1·K-1
, Specific heat of liquids: 2.41 kJ·kg-1·K-1

, thermal conductivity: 120 

0.42 W·m-1·K-1) [40] was used as core material and purchased from Shanghai Macklin 121 

Reagent Co., Ltd. The precursor sodium silicate (Na2SiO3•9H2O, with 19.3-22.8 wt% 122 

of Na2O, Density: 2.61 kg·m-3) was purchased from Sinopharm Chemical Reagent Co., 123 

Ltd. The surfactants polyvinylpyrrolidone (PVP, (C6H9NO)n, Purity: 99%, Molecular 124 

mass: 284.2, Density: 1140 kg·m-3
, Melting temperature: 130 ℃) and sorbitan oleate 125 

(Span 80, C24H44O6, Purity: Chemically Pure, Density: 986 kg·m-3 ) were supplied by 126 

Shanghai Aladdin Reagent Co., Ltd. and Sigma-Aldrich Reagent Co., Ltd., respectively. 127 

Citric acid (C6H8O7, Purity:＞99.5%, Density: 1670 kg·m-3
, Melting temperature: 153-128 

159 ℃, Acidity coefficient: 3.14 pKa) was provided by Tianjin Zhiyuan Chemical 129 

Reagent Co., Ltd. Heat transfer oil (Great Wall L-QB300, Purity: 99%) was purchased 130 

from Guangzhou Maorun Lubricating Oil Co., Ltd. All chemical reagents were of 131 

reagent quality and were not further purified. 132 

2.2 Synthesis of nanocapsules 133 

The microencapsulation technique includes dispersing PCM particles in water, 134 

making a stable aqueous suspension, and finishing the microencapsulation by 135 

hydrolysis and condensation reactions of the precursor on the surface of the suspended 136 

particles. In theory, this approach can be used to microencapsulate any water-insoluble 137 

PCM. The detailed process for synthesizing nanoencapsulated SA (NESA) is as follows. 138 

Initially, the SA particles were dispersed in 20 mL deionized water and ultrasonicated 139 

for 3 h. The surfactant PVP was then added, maintaining an SA(g): surfactant(g) ratio 140 

of 1:1, as referenced from Zhang et al [41]. This specific ratio was chosen to ensure 141 

optimal stabilization of the SA particles in the aqueous medium while minimizing 142 

aggregation during the process. After continuous stirring at room temperature for 12 h 143 
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to securely attach the PVP to the surface of the SA, the modified SA was washed, 144 

collected, and re-dispersed in a three-necked flask heated in an oil bath at 70 ℃. 145 

Separately, 10 mL of a 10 wt% Na2SiO3•9H2O solution was prepared, and the pH was 146 

adjusted to a suitable range by adding citric acid solution. The mixture was constantly 147 

agitated until it turned transparent, yielding a silica sol solution containing hydrolyzed 148 

silica monomers and oligomers. The resulting silica sol was then introduced dropwise 149 

to the flask, where it was attached to the SA particles' surfaces via hydrogen bonding 150 

interactions with the surfactant. The polycondensation reaction was completed at 70 ℃ 151 

for 6 h, followed by aging at 80 ℃ for 4 h. Finally, the product was washed, centrifuged, 152 

and freeze-dried to obtain NESA in the form of a white powder. 153 

Iler's study [42] demonstrated that neutralizing sodium silicate to an acidic 154 

environment increases the Si-OH/Si-O ratio, enhancing the reactivity of functional 155 

groups and promoting inter-particle bonding, which ultimately facilitates the formation 156 

of 3D gel networks. Based on this finding, citric acid was selected in this study as a 157 

safer alternative to hydrochloric acid to regulate and maintain an acidic reaction 158 

environment. It is well-established that the pH of the solution significantly influences 159 

the gelation process. According to Kristensen et al. [43], the impact of pH often 160 

outweighs that of temperature. Numerous studies [42, 44, 45] have shown that silica 161 

sols achieve maximum stability at their isoelectric point, where gelation occurs most 162 

slowly. Conversely, in the strongly acidic region below the isoelectric point, gelation 163 

proceeds extremely rapidly. Both extremes are unfavorable for effective microcapsule 164 

encapsulation, as overly slow or rapid gelation compromises the uniformity and 165 

integrity of the encapsulation shell. To optimize the encapsulation process, we 166 

conducted three sets of experiments with pH values ranging between 2.5 and 3.5, based 167 

on prior studies [46-48] related to microencapsulation using sodium silicate. These pH 168 

conditions were chosen to balance gelation kinetics and encapsulation efficiency, 169 

ensuring the formation of robust and uniform nanocapsules. 170 

The reaction flow and concept are illustrated in Fig. 1. The polycondensation 171 
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reaction is primarily driven by dehydrogenation, generating linear silica-oxygen chains 172 

that ultimately form a three-dimensional network structure on the surface of the SA 173 

particles. Static aging is employed to promote further dehydration and condensation of 174 

the gel, thereby completing the consolidation of the silica three-dimensional network. 175 

Studies have shown that residual silanol groups on the nanocapsule surface continue to 176 

react after gelation, forming new siloxane bonds while releasing water. These newly 177 

formed siloxane bonds link the particles closer together, causing the solid skeleton to 178 

contract like a spring [49]. Additionally, research [50] has demonstrated that the rate of 179 

dehydration and agglomeration accelerates with increasing temperature under acidic 180 

conditions. However, achieving complete dehydration may require tens or even 181 

hundreds of hours, potentially resulting in severe agglomeration, which negatively 182 

impacts the performance of the samples. To address this challenge, we moderately 183 

increased the aging temperature to 80 ℃ and limited the aging time to a few hours, 184 

guided by the work of He et al. [46, 47]. This approach aimed to obtain a balance 185 

between dehydration efficiency and minimizing nanocapsule agglomeration. The 186 

NESA samples produced at pH=2.5, 3.0, and 3.5 were designated as NESA-2.5, NESA-187 

3.0, and NESA-3.5, respectively, to facilitate subsequent characterization and 188 

comparison. 189 

 190 
Fig. 1 Schematic of the synthesis process of NESA nanocapsules 191 
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2.3 Characterization of nanocapsules 192 

The chemical composition and functional group changes of the nanocapsules were 193 

analyzed using Fourier transform infrared spectroscopy (FT-IR) with the KBr pellet 194 

method, within wavenumber a range of 400 to 4000 cm-1. The crystalline structure was 195 

characterized by X-ray diffraction (XRD), performed at a scanning rate of 10°/min over 196 

a 2θ range of 5° to 60°. 197 

The phase change properties were measured by differential scanning calorimeter 198 

(DSC) at heating and cooling rates of 0.5 ℃/min and 10 ℃/min, within a temperature 199 

range of 90-160 ℃. An empty crucible was used as the reference, and nitrogen gas with 200 

a flow rate of 50 ml/min served as the protective atmosphere. The thermal stability was 201 

assessed through thermogravimetric analysis (TGA), conducted at a heating rate of 202 

20 ℃/min over a temperatures range of 40–600 ℃.  203 

The morphology and elemental composition of the nanocapsules were examined 204 

using scanning electron microscope combined with energy-dispersive X-ray 205 

spectroscopy (SEM-EDS). Particle size distribution was measured using a particle size 206 

and Zeta potential analyzer (DelsaNano C). The homogeneity and dispersion stability 207 

of the nanocapsule suspensions were assessed using a Turbiscan LAB stability analyzer, 208 

based on the principle of multiple light scattering. 209 

Thermal conductivity was measured at room temperature using the transient plane 210 

source method with a Hot Disk thermal constants analyzer. Specifically, the probe was 211 

fully submerged in the center of the liquid sample, and a constant heating power of 70 212 

mW was applied for 5.0 s. The specific heat capacities of solids and liquids were 213 

measured using DSC over a temperatures range of -5 ℃ to 50 ℃. 214 

The viscosity of the heat transfer oil and NESA suspensions was measured using 215 

a Kinexus Ultra+ rotational rheometer, with the shear rate set between 10 and 1000 s-1. 216 

A parallel plate fixture with a diameter of 60 mm was used to load an appropriate 217 

amount of sample between the measuring plates, ensuring the sample spread evenly 218 

across the surface without overflowing. The torque required for rotation was provided 219 
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by a drag cup motor, which drove the fixture to generate relative motion. This rotational 220 

motion induced a shear flow in the sample within the annular gap, applying stress to 221 

the sample. The instrument measured the resulting strain or rotational speed and 222 

calculated the viscosity of the sample. 223 

Density measurements were performed using a ZMD series electronic 224 

densitometer. Table 1 summarizes the instruments used for characterization and 225 

provides the accuracy of the respective measurements. 226 

Table 1 Characterization instruments and their accuracy 227 

Measurement Instrument Accuracy 

Morphology and microstructure, surface 
elemental distribution 

SEM, EDS, Hitachi 
SU8010 

NA 

Size distribution DLS, DelsaNano C ± 1% 

Chemical structure FT-IR, Nicolet 6700 Resolution :2 cm-1 

Crystal structure XRD, Ultima-IV NA 

Phase change property 
Specific heat 

DSC, Mettler Toledo 
DSC3 

Enthalpy: ± 0.05 % 
Supercooling degree:  

± 0.02 ℃ 

Dispersion stability of suspensions 
Turbiscan LAB 

stability analyzer 
Temperature control: ± 

0.5 ℃ 

Thermal conductivity 
TPS, Hot Disk 

TPS500S 
± 5 % 

Thermal stability TGA, TG 209 F1 NA 

Viscosity 
Kinexus Ultra+ 

rotational rheometer 
± 1 % 

Density 
ZMD series electronic 

density meter 
± 0.002 kg·m−3 

3 Results and discussion 228 

3.1 Chemical composition of nanocapsules 229 

Fig. 2 presents the FT-IR spectra of SA, SiO2 and NESA. It can be observed that 230 

the FT-IR spectra of these nanocapsules were comparable. The spectrum of SA exhibits 231 

two characteristic absorption peaks at 2932 cm−1 and 2854 cm−1, corresponding to the 232 

alkyl C-H stretching vibrations of -CH3 and -CH2 groups, along with a strong C=O 233 
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stretching band at 1695 cm−1 [51, 52]. Additionally, a peak at 1427 cm−1 is attributed to 234 

-CH2 bending vibration, while the peak at 721 cm−1 represents the in-plane -CH2 235 

rocking vibration [23, 25]. 236 

The SiO2 spectrum shows an antisymmetric stretching vibration of Si-O-Si at 1075 237 

cm−1, along with symmetrical stretching vibration of Si-O at 796 cm−1 and 464 cm−1
 238 

[39, 53]. Additionally, a broad absorption band at 3446 cm−1 is assigned to the Si-OH 239 

stretching vibration [34]. 240 

All characteristic peaks of both SA and silica are clearly identifiable in the NESA 241 

spectra, confirming that the silica condensation was successfully achieved to form the 242 

nanocapsule shell under different pH conditions. Notably, no new peaks appeared or 243 

disappeared in the NESA spectra, indicating that the interaction between the core SA 244 

and shell SiO2 is purely physical, with no chemical bonding occurring between them. 245 

 246 
Fig. 2 FT-IR spectra of SA, SiO2 and NESA nanocapsules 247 

3.2 Crystal structure of nanocapsules 248 

The crystal structures of SA, SiO2 and NESA were further investigated by XRD, 249 

and the results are shown in Fig. 3, where 2θ represents the angle between the incident 250 

and the diffracted light. 251 

This indicates that no chemical reaction occurred during the encapsulation process, 252 

which is consistent with the findings from the FTIR analysis.  253 
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The prominent diffraction peaks observed at 2θ = 8.1°, 21.5°, 24.1°, 26.4°, and 254 

30.1° confirm the regular crystallization of pure SA [23]. These characteristic peaks are 255 

also present in the XRD patterns of all NESA samples; however, their intensities are 256 

somewhat reduced, likely due to the crystallization process being constrained by the 257 

SiO2 shell. Additionally, a broad and diffuse diffraction peak typically found between 258 

20-30° for SiO2, is not visible in the patterns, suggesting that the SiO2 synthesized in 259 

this study is predominantly amorphous silica [54]. Overall, no new peaks emerged, nor 260 

did any original peaks disappeared, and the positions of the peaks for all NESA samples 261 

remained nearly identical to those of pure SA. This indicates that no chemical reaction 262 

occurred during the encapsulation process, which is consistent with the findings from 263 

the FTIR analysis. 264 

  265 
Fig. 3 XRD patterns of SA, SiO2 and NESA nanocapsules 266 
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typically preferred to prevent the disappearance or merging of peaks, as these materials 274 

may undergo phase changes across multiple temperature ranges [57]. Consequently, the 275 

choice of scan rate must be tailored to the specific cases. 276 

We conducted DSC tests of SA samples at two different scan rates: 0.5 ℃/min and 277 

10 ℃/min. The results are presented in Fig. 4 and Table 2. The phase change 278 

temperature points (Tm and Ts) were determined by intersecting the extrapolated 279 

baseline with a tangent line drawn at the inflection point on the leading edge of the heat 280 

flow curve's peak. It is evident that as the heating rate increases, the melting peaks shift 281 

toward higher temperatures, and the peak profiles become broader, which aligns with 282 

previous findings. Furthermore, the absence of multiple peaks indicates the high purity 283 

of the SA sample. The deviations in melting and solidification temperatures were 284 

calculated to be 0.68% and 1.48%, respectively, while the deviations in the enthalpy of 285 

melting and enthalpy of solidification were found to be 3.64% and 3.21%, respectively, 286 

for the two scanning rates. After comparing the uncertainty and test time costs at the 287 

two scanning rates, we selected a scan rate of 10 ℃/min, which is widely recognized 288 

as the most common scan rate for conventional materials. Table 2 shows that the phase 289 

change properties of the SA samples observed in this study are similar to those 290 

published in the literature, indicating the validity of the experimental data in this work. 291 

 292 
Fig. 4 DSC curves of SA at different heating and cooling rates 293 
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Table 2 Comparison of phase change properties of SA with literature 294 

Ref. Mass(mg) 
Heating/cooling rate 

(℃/min) 
Tm(℃) Hm(kJ·kg-1) Ts(℃) Hs(kJ·kg-1) 

Present 9.72 0.5 133.2 230.5 128.0 224.8 

Present 8.20 10 132.3 222.4 129.9 217.8 
[23] NA 10 133.3 222.4 128.9 217.6 

[25] NA 10 129.7 219.6 127.2 216.8 
[26] NA 5 131.7 222.3 129.8 222.1 

Figure 5 and Table 3 demonstrate that both SA and NESA exhibit similar melting 295 

and crystallization behaviors, characterized by a single fusion peak (downward) and 296 

crystallization peak (upward). However, the phase change enthalpy of pure SA is 297 

significantly higher than that of NESA. This difference can be attributed to the fact that 298 

only SA absorbs and releases thermal energy during heating and cooling, while the SiO2 299 

shell does not contribute to the phase change enthalpy and reduces the proportion of the 300 

SA core within the nanocapsules. Two key parameters, the encapsulation ratio (R) and 301 

the encapsulation efficiency (E), are used to characterize the phase change behavior of 302 

NESA. These parameters can be calculated using the following equations. 303 

𝑅𝑅 = (∆𝐻𝐻m,NESA ∆𝐻𝐻m,SA⁄ ) ×100%           (1) 304 

𝐸𝐸 = (∆𝐻𝐻m,NESA + ∆𝐻𝐻s,NESA ∆𝐻𝐻m,SA⁄ + ∆𝐻𝐻s,SA) ×100%              (2) 305 

where ∆Hm,NASA and ∆Hs,NASA represent the melting enthalpy and freezing enthalpy of 306 

NESA, respectively, while ΔHm,SA and ∆Hs,SA represent the melting enthalpy and 307 

freezing enthalpy of the pure SA, respectively. The NESA-3.0 nanocapsules exhibited 308 

the highest encapsulation ratio and efficiency, reaching 73.9% and 74.0%, respectively. 309 

Additionally, both the initial melting and solidification temperatures of the NESA 310 

samples shifted slightly toward lower values, with the temperature change not 311 

exceeding 2.0 ℃. The decrease in melting temperature may be attributed to both weak 312 

core-shell interactions and increased thermal conductivity [58]. Meanwhile, the 313 

reduction in solidification temperature could be related to the small sample size used in 314 

the DSC experiments, typically less than 10 mg [14]. 315 

Similar findings were reported by Fu et al. [59], who encapsulated stearic acid within a 316 
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SiO2 shell, resulting in a melting point reduction ranging from 1.3 to 3.3 ℃. Likewise, 317 

Cao et al. [60] encapsulated palmitic acid in a TiO2 shell, observing decrease in melting 318 

and freezing temperatures of 0.9 and 3.8 ℃, respectively. Furthermore, the broader 319 

peak shape observed for NESA compared to pure SA can be attributed to the 320 

constrained crystallization of SA caused by the silica shell, which restricts the mobility 321 

of SA molecules. Notably, the supercooling degree of all samples remained below 322 

3.0 ℃, which is advantageous for TES applications. 323 

Table 3 DSC data of SA and the NESA nanocapsules 324 

Samples Mass(mg) Tm (℃) Hm(kJ·kg-1) Ts (℃) Hs(kJ·kg-1) △T(℃) R(%) E(%) 

SA 8.20 132.3 222.4 129.9 217.8 2.4 NA NA 
NESA-2.5 5.72 132.3 145.4 129.4 141.5 2.9 65.4 65.2 

NESA-3.0 7.10 130.5 164.4 128.5 161.3 2.0 73.9 74.0 
NESA-3.5 7.45 128.3 128.1 127.9 126.3 0.4 57.6 57.8 

 325 

Fig. 5 DSC curves of SA and NESA nanocapsules 326 
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with melting temperatures below 100 ℃. Notably, the current nanocapsules exhibit 333 

significant competitive advantages, including a high phase change enthalpy, minimal 334 

supercooling degree, and high encapsulation ratio and efficiency. 335 

Table 4 Comparison of present nanocapsules to those prepared with sodium silicate as a 336 

precursor in the literature. 337 

Ref. Samples Tm(℃) Hm(kJ·kg-1) Hs(kJ·kg-1) △T(℃) R(%) E(%) 

[47] n-Octadecane@SiO2 28.0 87.5 84.9 6.1 41.8 41.5 

[46] n-Heptadecane@SiO2 21.9,10.5 60.3 61.4 NA 30.9 30.5 
[46] n-Octadecane@SiO2 32.6 73.5 72.2 NA 35. 6 35.2 

[46] n-Nonadecane@SiO2 36.9, 25.8 74.8 80.8 NA 41.1 40.6 
[46] n-Eicosane@SiO2 40.5 81.2 78.6 NA 33.0 32.5 

[61] Palmitic acid@SiO2 67.2 47.8 41.3 9.2 43.0 41.5 
[62] Na2SO4@SiO2 886.0 82.3 83.7 5.4 49.3 49.0 

[63] n-Dodecanol@SiO2 21.0 116.7 114.6 5.9 55.5 55.2 
[52] Paraffin@SiO2 26.1 111.7 110.8 2.8 61.9 61.8 

[48] Paraffin@SiO2 47.7 186.4 183.2 15.4 74.1 73.7 
[64] Paraffin@SiO2 55.2 94.4 93.2 8.30 74.5 75.6 

[65] 
Polyethylene 
glycol@SiO2 

58.1 151.8 141.0 15.8 79.3 80.6 

[66] Palmitic acid@SiO2 61.3 163.1 166.5 4.2 82.0 82.5 

Present 
 

SA@SiO2 130.5 164.4 161.3 2.0 73.9 74.0 

3.4 Morphology and elemental composition of nanocapsules 338 

The morphology of SA and NESA was investigated using SEM, as shown in Fig. 339 

6. Pure SA particles typically exhibit a smooth, irregularly surface with relatively large 340 

particle sizes ranging from tens to hundreds of micrometers. In contrast, the NESA 341 

samples display a more spherical shape with a uniform profile, and their particle sizes 342 

are reduced to the nanoscale scale. Undoubtedly, the smaller particle size and increased 343 

specific surface area of the nanocapsules contribute to enhanced heat transfer rates.  344 

However, it is worth noting that the nanocapsules exhibit a considerable degree of 345 

agglomeration. This phenomenon can be explained by two factors: On the one hand, 346 

the free hydroxyl groups on the silica shells may attract nearby nanocapsules through 347 

hydrogen bonding [65], a common occurrence in the synthesis of microcapsules using 348 
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sodium silicate as a precursor. On the other hand, agglomeration may result from 349 

particle-particle interactions during sample preparation, such as drying for SEM 350 

observation [67, 68]. 351 

 352 
Fig. 6 SEM of (a) SA and (b) NESA nanocapsules 353 

Fig. 7 shows the particle size distribution of the NESA. The nanocapsules exhibit 354 

a particle size range of approximately 200–500 nm, with the most prominent peak 355 

occurring at 250 nm. The size distribution of the nanocapsules is reasonably uniform, 356 

consistent with the observations from the SEM image. 357 

 358 
Fig. 7 Particle size distribution of NESA nanocapsules 359 

Fig. 8 and Table 5 present the mapping image and energy-dispersive X-ray 360 

spectroscopy (EDS) analysis report of NESA, respectively, providing further 361 

confirmation of the successful preparation and element distribution of the nanocapsules. 362 

The mapping image of Si and O components closely align with the contour of the 363 

nanocapsules, confirming that the shell is composed silicon dioxide. Additionally, Table 364 
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4 provides the semi-quantitative EDS analysis results for the key elements C, O, and Si 365 

[69]. It is worth noting that H could not be detected due to its low characteristic 366 

radiation energy. 367 

 368 
Fig. 8 EDS mapping of NESA 369 

Table 5 EDS data of NESA 370 

Element Atomic (%) Conc. (wt.%) 

C 31.27 22.66 
O 53.65 51.79 

Si 15.08 25.55 

3.6 Thermal stability of nanocapsules 371 

Fig. 9 presents the TGA curves of SA and NESA. The NESA sample exhibits 372 

minimal weight loss below 100℃, suggesting that water adsorbed on the sample's 373 

surface and residual solvents were not fully evaporated prior to testing [70]. The initial 374 

decomposition temperature of SA is approximately 200 ℃, whereas for NESA, it is 375 

elevated to 250 ℃. This increase in the initial decomposition temperature can be 376 

attributed to the silica encapsulation, which prevents direct contact between SA and 377 

oxygen, thereby reducing thermal degradation. This is further supported by the more 378 

gradual thermal degradation curve observed for NESA [14].  379 

Upon increasing the temperature to over 500 ℃, nearly no residue remains for 380 

pure SA, indicating complete evaporation of the material. In contrast, NESA shows an 381 

82.0% weight decrease. This slight deviation from the previously calculated 382 

encapsulation ratio of 73.9% is commonly observed in microcapsules synthesized using 383 

sodium silicate as a precursor [46, 63, 71]. The additional weight loss observed at high 384 

temperatures may be attributed to the subsequent condensation and dehydration of 385 

residual silanol groups within the silica shell, as discussed in Section 2.2.  386 

In summary, the thermal degradation temperature of the synthesized NESA is 387 
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substantially higher than its phase change temperature, underscoring its suitability for 388 

TES applications. 389 

 390 
Fig. 9 TGA curve of SA and NESA nanocapsules 391 

3.7 Thermal reliability of nanocapsules 392 

The thermal reliability of NESA was assessed through 50 melt-solidification cycles. 393 

The NESA sample was heated from 25 ℃ to 160 ℃ at a rate of 10 ℃/min in a chamber 394 

furnace and subsequently cooled to room temperature. Fig. 10 and Table 6 show the phase 395 

change characteristics of the samples over each ten representative cycles. The thermal 396 

reliability is defined as the ratio of post-cycling to pre-cycling encapsulation efficiency, 397 

as expressed in Eq. (3). 398 

 𝑅𝑅rel  =  𝐸𝐸tc/𝐸𝐸0                          (3) 399 

where E0 and Etc represent the encapsulation efficiency before and after thermal cycling, 400 

respectively. Table 6 presents the thermal reliability results calculated using Eq. (3). The 401 

thermal reliability of the nanocapsules stabilizes 94.5% after 50 thermal cycles, 402 

suggesting that encapsulating SA within a silica shell effectively minimizes leakage. 403 

Additionally, the DSC peak patterns before and after cycling were nearly identical, 404 

indicating negligible changes in thermal storage performance and confirming that the 405 

nanocapsules maintained their thermal stability through repeated heat absorption and 406 

release cycles. 407 
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 408 

Fig. 10 Phase change curves of NESA before and after thermal cycling 409 

Table 6 Phase change characteristics of NESA after different thermal cycles 410 

Number of cycles Tm (℃) Hm (kJ·kg-1) Ts (℃) Hs (kJ·kg-1) Rrel (%) 

1st 130.5 164.4 128.5 161.3 NA 

10th 130.5 162.2 127.8 157.9 98.3 
20th 130.5 159.9 127.3 156.1 97.0 

30th 131.0 160.8 126.3 157.2 97.6 
40th 130.7 154.3 125.8 149.9 93.4 

50th 130.7 155.8 126.8 151.9 94.5 

3.8 Dispersion stability of naocapsule suspensions 411 

Suspensions of NESA and SA were evaluated for dispersion stability and thermal 412 

conductivity. At room temperature, 1.0 wt% NESA or SA particles were dispersed in 413 

heat transfer oil with an equal proportion of the surfactant Span 80. The mixtures were 414 

sonicated for 30 min and magnetically stirred for an additional 20 min.  415 

The dispersion stability of the suspensions over time was monitored using a 416 

Turbiscan® Stability Analyzer, with the results shown in Fig. 11. The transmission and 417 

backscattering light intensity profiles of the NESA suspension remain nearly horizontal 418 

at various heights and exhibit minimal changes over time, demonstrating good 419 

dispersion stability. In contrast, significant variations are observed in the transmission 420 

and backscattering light profiles of the SA suspension, likely due to aggregation and 421 

90 100 110 120 130 140 150 160

-4

-2

0

2

4

E
xo

Temperature/℃

H
ea

t F
lo

w
/W

·g
-1

 1st
 10th
 20th

 30th
 40th
 50th



 

22 

sedimentation of the nanocapsules.  422 

 423 

Fig. 11 Transmission and backscattering curves of (a) NESA suspension and (b) SA suspension 424 

Furthermore, the Turbiscan stability index (TSI) of the suspensions was calculated 425 

using the measured average transmitted light intensity (Xi), average backscattered light 426 

intensity (XBS), and the number of scans (n), as shown in Eq. (4). The TSI results are 427 

shown in Fig. 12. The NESA suspension exhibits lower TSI values, and since a lower 428 

TSI corresponds to greater suspension stability [72], this confirms the superior stability 429 

of the NESA suspension. These findings align with the earlier analysis of the 430 

transmission and backscattering data.  431 

𝑇𝑇𝑇𝑇𝑇𝑇 =  ( ) ( )1
2n

1i
−−∑ =

nXX BSi                    (4) 432 
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 433 
Fig. 12 TSI of the SA and NESA suspension 434 

3.9 Thermophysical properties, pumping power evaluation and economic analysis 435 

Figure 13 shows that the base fluid exhibits a thermal conductivity of 0.124 W·m-436 

1·K-1, consistent with values reported in previous studies [73, 74]. Suspensions 437 

containing particles demonstrated enhanced thermal conductivity, with NESA 438 

suspensions showing the most significant improvement, approximately 15.0%. 439 

Typically, nanoparticles with high intrinsic thermal conductivity are known to produce 440 

nanofluids with high thermal conductivity [75]. Therefore, it is reasonable to attribute 441 

the substantial enhancement in thermal conductivity of the NESA suspensions to their 442 

nanoscale size and the incorporation of inorganic silica shells, which themselves 443 

possess high thermal conductivity. Furthermore, maintaining uniform dispersion of the 444 

nanoparticles further contributes to the improved thermal conductivity of the 445 

suspensions [76]. 446 
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 447 
Fig. 13 Thermal conductivity of suspensions and enhancement percentage 448 

In heat storage systems, determining the power consumption for fluid pumping is 449 

critical since it directly impacts both energy efficiency and economic feasibility. 450 

Microencapsulation and dispersion of PCMs in base fluids allow them to be transported 451 

as latent heat functional fluids. This approach prevents PCM freezing on heat transfer 452 

surfaces during the phase change process, ensuring consistent fluidity regardless of the 453 

PCM's state. Such fluidity facilitates the efficient transportation and pumping of phase 454 

change slurries.  455 

It is important to note that nanocapsule suspensions are more viscous than the base 456 

fluid. However, the presence of latent heat significantly enhances the heat storage 457 

capacity while reducing the required pumping flow rate to transfer the same heat load, 458 

potentially lowering overall pumping power requirements. Based on the considerations, 459 

we compared the pumping power consumption of the base fluid and the NESA 460 

suspension when transferring the same amount of thermal energy. The goal was to 461 

assess whether the NESA suspension offers an advantage in terms of reduced energy 462 

consumption.  463 

Considering the requirements of practical applications, a higher concentration 464 

gradient of 10.0 wt% was prepared. To further investigate the sensitivity of the 465 

thermophysical properties of NESA and its suspension to temperature variations, and 466 

to understand how these variations influence the power consumption for pipeline 467 
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pumping, experiments were conducted at 25 ℃ and 45 ℃, respectively. Equation (5) is 468 

used to calculate pumping power for heat transfer oil (Po) and NESA suspension 469 

(Psuspension), taking into account the viscosity (μ), velocity (u) and pipe length (L) of the 470 

corresponding fluid. 471 

𝑃𝑃 = 8𝐿𝐿𝐿𝐿𝐿𝐿𝑢𝑢2                          (5) 472 

Equation (6) defines N as the ratio of the NESA suspension's pumping power to 473 

that of the heat transfer oil. 474 

𝑁𝑁 = 𝑃𝑃suspension/𝑃𝑃o                         (6) 475 

The test data for viscosity are shown in Fig. 14, illustrating pipeline flows at 476 

different temperatures for shear rates ranging from 10 to 1000 s-1. From Fig. 14(a), it is 477 

evident that the viscosity (dynamic viscosity) of the NESA suspensions at 25 ℃ 478 

increases with increasing NESA concentration. The 1.0 wt% NESA suspension exhibits 479 

a low viscosity that is extremely close to that of the heat transfer oil base fluid. However, 480 

as the concentration of NESA nanocapsules increases to 10.0 wt%, the viscosity rises 481 

significantly. This increase is attributed to the reduction in interparticle distances, 482 

leading to stronger nanocapsule interactions [77]. 483 

The viscosity of the NESA suspensions at 45 ℃ are shown in Fig. 14(b). The 484 

viscosity of all samples decreases substantially with increasing temperature. This 485 

phenomenon is caused by the intensified thermal motion of molecules at higher 486 

temperatures, which weakens the intermolecular forces of attraction [78]. As shown in 487 

Fig. 14(b), the viscosity of the 1.0 wt% NESA suspension remains relatively constant 488 

across different shear rates, demonstrating Newtonian fluid behavior similar to the base 489 

solution. This behavior is attributed to the high degree of dispersion and minimal 490 

agglomeration of NESA in the suspension. In contrast, the 10.0 wt% NESA suspension 491 

exhibits shear-thinning non-Newtonian fluid characteristics. At high mass 492 

concentrations, the reduced nanocapsule spacing causes nanocapsule motion to be more 493 

easily influenced and restricted by neighboring nanocapsules, varying with the shear 494 

rate. At low shear rates, Brownian motion dominates, causing nanocapsules to 495 
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agglomerate into clusters, resulting in higher viscosity. As the shear rate increases, some 496 

agglomerates break down into smaller aggregates or individual nanocapsules, leading 497 

to shear thinning [79]. In fact, there exists a critical shear rate above which the 498 

suspension will exhibit Newtonian fluid behavior, with higher concentrations requiring 499 

higher critical shear rates [80]. From an application standpoint, shear thinning is 500 

advantageous because industrial processes and pumping operations are typically 501 

conducted under medium- to high-velocity shear rates. For the calculations, the 502 

viscosity at a shear rate of 1000 s-1 was selected, as this represents a typical shear rate 503 

for pipeline flow [81]. 504 

  505 
Fig. 14 Viscosity of base fluid and NESA suspensions at (a) 25 ℃ and (b) 45 ℃ 506 

Equations (7) and (8) were used to calculate the volumetric flow rate (Gsuspension) 507 

of heat transfer oil (Go) and NESA suspension (Gsuspension), respectively. 508 

𝐺𝐺𝑜𝑜 = 𝑄𝑄/𝜌𝜌o𝑐𝑐p,o𝛥𝛥𝛥𝛥                          (7) 509 

𝐺𝐺suspension = 𝑄𝑄/(𝜌𝜌suspension∆ℎ𝑡𝑡,suspension)                   (8) 510 

where Q is the heat transfer rate and ΔT is the heat transfer temperature difference. The 511 

density ρo and specific heat cp,o of the heat transfer oil, the density ρsuspension and total heat 512 

capacity Δht of the NESA suspension were measured experimentally. 513 

The total heat capacity of the NESA suspension consists of both latent and sensible 514 

heat components. 515 

𝛥𝛥ℎ𝑡𝑡 ,suspension = 𝛥𝛥ℎ𝑙𝑙 + 𝛥𝛥ℎse                      (9) 516 

𝛥𝛥ℎ𝑡𝑡,suspension = 𝜀𝜀NESA𝛥𝛥ℎl,NESA + 𝜀𝜀o𝛥𝛥ℎse,o + 𝜀𝜀sp𝛥𝛥ℎse,sp + 𝜀𝜀NESA𝛥𝛥ℎse,NESA  (10) 517 
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𝛥𝛥ℎ𝑡𝑡 ,suspension = 𝜀𝜀NESA𝛥𝛥ℎl,NESA + 𝜀𝜀ocp,o∆𝑇𝑇 + 𝜀𝜀spcp,sp∆𝑇𝑇 + 𝜀𝜀NESAcp,NESA∆𝑇𝑇 (11) 518 

where εNESA, εo and εsp represent the mass fraction of NESA, base fluid and surfactant 519 

Span 80, respectively, and cp,NESA, cp,o and cp,sp represent the specific heat of NESA, base 520 

fluid and surfactant Span 80, respectively. Chen et al. [82] demonstrated that, for a 521 

specified heat transfer capacity, minimizing pumping power is more effectively achieved 522 

by enhancing the heat storage density of the heat transfer fluid rather than transitioning 523 

to turbulent flow conditions. This optimization is accomplished by adjusting the 524 

concentration of nanocapsules dispersed in the fluid. Specifically, when the heat transfer 525 

demand increases, the pumping power consumption associated with raising the 526 

concentration of nanocapsules in the suspension is significantly lower than the pumping 527 

power required to achieve turbulent flow. Consequently, table 7 presents flow conditions 528 

and characteristics that align with the assumptions for operating within the laminar flow 529 

regime. It demonstrates that, although the NESA suspensions exhibit higher viscosity 530 

compared to the base fluid, the presence of latent heat enables a lower flow rate to 531 

transfer the same amount of heat. 532 

Table 7 Flow conditions of heat transfer oil and NESA suspensions 533 

Parameter Temperature Heat transfer oil 
NESA suspensions 

NESA Span 80 
1.0 wt% 10.0 wt% 

Re 
25℃ 769.8 654.1 188.0 NA 

NA 
NA 
NA 45℃ 2189.1 1936.5 507.1 

G (m3·s-1) 
25℃ 0.94×10-3 0.80×10-3 0.35×10-3 NA 

NA 
NA 
NA 45℃ 0.92×10-3 0.79×10-3 0.34×10-3 

u (m·s-1) 
25℃ 2.99 2.55 1.11 NA 

NA 
NA 
NA 45℃ 2.92 2.51 1.09 

ρ(kg·m-3) 
25℃ 868.5 879.0 900.3 NA 

NA 
NA 
NA 45℃ 859.8 864.4 890.8 

μ (Pa·s) 
25℃ 0.06737 0.06842 0.1066 

NA NA 
45℃ 0.02290 0.02237 0.03843 

cp (kJ·kg-1·K-1) 
25℃ 1.74 NA NA 1.51 2.20 
45℃ 1.80 NA NA 1.97 2.53 

d (m) 0.02 [82] 
△T (℃) 6 [82] 
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Q (kW) 8.5 

The total heat capacity and pumping power for the NESA suspensions and heat 534 

transfer oil are presented in Table 8. The results indicate that the total heat capacity of 535 

the NESA suspensions increases with the mass fraction of nanocapsules. For instance, 536 

the total heat capacity of the 10.0 wt% NESA suspension is more than twice that of the 537 

base oil, allowing for enhanced heat exchange within the laminar flow range while 538 

avoiding significant increases in pressure drop and pumping power. At 25 and 45 ℃, the 539 

10.0 wt% NESA suspension reduces pumping power by 78% and 76%, respectively, 540 

achieving substantial energy savings. 541 

Table 8 Total heat capacities and pumping power 542 

 Heat transfer oil 1.0 wt% NESA suspension 10.0 wt% NESA suspension 

 25 ℃ 45 ℃ 25 ℃ 45 ℃ 25 ℃ 45 ℃ 

Δht (kJ·kg-1) 10.44 10.80 12.10 12.50 21.02 27.78 

P (kW) 15.08 4.89 11.14 3.53 3.32 1.16 

N  1.00 1.00 0.74 0.72 0.22 0.24 

4 Conclusions 543 

Silica-coated sebacic acid nanocapsules with industrial applications were prepared 544 

using sodium silicate as precursor. A series of characterization means proved their 545 

superior thermal properties. The specific conclusions are as follows.  546 

(1) Sebacic acid was successfully encapsulated into nanocapsules, exhibiting a 547 

spherical morphology and uniform particle size distribution in the range of 200–500 548 

nm.  549 

(2) The sebacic acid nanocapsules demonstrated a melting point of 130.5 ℃, with 550 

a latent heat of 164.4 kJ·kg-1 and an encapsulation ratio of 73.9%. The supercooling 551 

degree of the nanocapsules was less than 3.0 ℃.  552 

(3) The sebacic acid nanocapsules exhibited excellent thermal stability and 553 

reliability. After 50 melting-solidification cycles, the melting enthalpy remained high 554 

at 155.8 kJ·kg-1, achieving a steady thermal reliability of 94.5%. Under the effective 555 
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protection of a silica shell, the nanocapsules also displayed a higher thermal degradation 556 

temperature. 557 

(4) Suspensions of sebacic acid nanocapsules exhibit significantly improved 558 

suspension stability and thermal conductivity. Due to their excellent thermal storage 559 

capacity, these nanocapsules can substantially reduce pumping power requirements in 560 

pipeline flow, thereby enhancing energy efficiency and decreasing reliance on fossil 561 

fuels. 562 

However, this study has certain limitations that warrant further investigation in the 563 

future. 564 

(1) In the preparation process, the influencing factors of the nanocapsule reaction 565 

process can be explored more comprehensively. For instance, parameters such as the 566 

reaction temperature, the amount of surfactant, and the concentration of precursor 567 

solutions could be systematically optimized. 568 

(2) Regarding performance characterization, a more thorough investigation of the 569 

thermophysical properties of the nanocapsules and their suspensions is necessary. This 570 

could include setting finer temperature gradients and concentration gradients to reveal 571 

detailed trends governing their variation. 572 

Although the nanoencapsulation of dicarboxylic acids remains at the laboratory 573 

synthesis and characterization stage, this study addresses a significant gap in the 574 

micro/nano-encapsulation of water-insoluble phase change materials with medium- and 575 

high-melting temperatures, advancing their application in the field of thermal energy 576 

storage. 577 
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