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Abstract

Phase change material (PCM) microcapsules offer a promising approach for integrating PCM into
building materials for efficient thermal energy storage. This study presents the development of a novel
PCM microcapsule specifically designed for incorporation into cementitious materials. The microcapsule
consists of a low-cost PCM core derived from vegetable oil by-products and a durable inorganic shell made
from cenosphere, a hollow fly ash generated from coal burning power plants. A novel process is developed
to apply a silica coating to these cenosphere-based PCM microcapsules (CPCM), resulting in bioinspired-
silica-coated CPCM microcapsules (BCPCM). This coating process draws inspiration from marine
microorganism-based silica production and utilizes low-cost sodium silicate as a precursor, enabling eco-
friendly and cost-effective manufacturing at ambient temperature and mild pH conditions. The morphology,
chemical stability, and thermal properties of the BCPCM along with its thermo-mechanical performance in
cementitious composites were comprehensively analyzed. Experimental results demonstrate successful
silica deposition on BCPCM, leading to enhanced latent heat properties of the produced BCPCM. With the
silica coating, BCPCM exhibits a 50°C delay in thermal decomposition compared to CPCM, enhancing fire
resistance and preventing premature PCM leakage of the microcapsule. The bioinspired silica coating
effectively restores over 10% of the strength loss for each percent increase in CPCM incorporated into the
mortar. The thermal performance experiments reveal that increasing the BCPCM content reduces

temperature peaks and rates of temperature increase, indicating an improved capacity for thermal energy

*Corresponding author.

Email address: jwang@eng.ua.edu (J. Wang).

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript.
The published version of the article is available from the relevant publisher.



storage. This new PCM microcapsule provides a cost-effective solution to integrate thermal energy storage
to cementitious material, as evidenced by that over 30% aggregates (in volume) can be replaced by the

microcapsule without drastically loss of strength.

1. Introduction

Phase change materials (PCM) are essential for thermal energy storage (TES) in buildings due to their
unique ability to store and release large amounts of energy during phase transitions. However, directly
incorporating PCM into building materials often faces challenges, including potential chemical interactions,
uneven dispersion, leakage, and compromised durability. Microencapsulation addresses these challenges
by providing a protective shell around the PCM, preventing direct contact with the building material matrix.
Microencapsulation ensures that PCM remains securely contained, prevents leakage or degradation, and
enables controlled release of thermal energy when required, making it a preferred approach for
incorporating PCMs into building materials for thermal energy storage. Additionally, it allows for easy
incorporation into various products, such as textiles, building materials, and thermal energy storage

systems.

In the existing literature, majority of PCM microcapsules use polymer shell due to its versatility in
encapsulating various PCMs, and highly efficient containment [1]. For instance, Borreguero et al.[2]
employed the spray drying method to encapsulate paraffin wax RT27 within a polyethylene-
ethylvinylacetate polymer shell. Li et al. [3] produced copolymer microcapsules with various
concentrations of n-octadecane PCM by suspension-like polymerization. Enteshari et al. [4] developed
melanin formaldehyde microcapsules via emulsion polymerization. Liu et al. [5] used in-situ
polymerization to create microcapsules with phenol-formaldehyde resin shell. These polymeric shells often
suffer from some limitations, such as low thermal conductivity [6], inadequate mechanical strength/stiffness
[7], potential degradation at high temperature, and potential environmental concerns. The insufficient

strength of existing microencapsulated PCMs (MPCMs) makes them prone to damage or breakage when
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subjected to impacts during handling [8]. These limitations of polymeric MPCMs rendered them unsuitable

for applications that require high strength, such as concretes.

To address these constraints, substantial studies have been devoted to investigating inorganic
microcapsules with higher mechanical strength/stiffness and thermal conductivity. Various inorganic
materials such as ZnO [9] , TiO, [10], SiO, [11], and CaCO; [12], have been used to microencapsulate
PCMs and resulting MPCMs exhibit better thermomechanical performance than the ones with organic
polymeric shells. Among these inorganic materials, SiO, shells are widely employed, particularly when
incorporating MPCMs into cementitious composites. This is because potential reaction between the silica
microcapsule and calcium hydroxide produced by cement hydration can produce more calcium silicate
hydrate (C-S-H) gel, which can increase the bond strength between the microcapsule and cement paste [13],
[14]. More importantly, silica-based microcapsules have much higher thermal conductivity than the
polymer-based ones [15], thereby enhancing their capacity to store and release energy during phase
transitions. However, inorganic shells also have some limitations. The synthesis of inorganic-shell
microcapsules often involves more complex and sophisticated processes compared to organic polymers,
making it more expensive than the organic shell. Inorganic shell may not be compatible with all types of
PCMs, and therefore, is susceptible to separation from PCM, and cannot withstand the volume change stress
resulting from repeated thermal cycles [16]. Therefore, additional research is required to tackle these

obstacles and create durable microcapsules capable of meeting the requirements of real-world applications.

Our previous research adopted cenosphere, hollow microspheres with excellent mechanical strength
and thermal conductivity, to encapsulate PCM to produce a cenosphere-based PCM microcapsule (CPCM)
[15]. Since the complicated synthesis process from expensive pre-cursors for the inorganic shell is
eliminated, CPCM offer a much higher cost-effective solution to for microencapsulation with inorganic
shell. To prevent leaking of liquid PCM from the cenosphere shell and enhance the bonding between the
cenosphere and cement matrix, a silica coating can be applied on the surface of the CPCM. Although the

resulting silica coating on the surface CPCM exhibits excellent compatibility with the cement matrix [15],
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it drastically reduces the encapsulation efficiency of the microcapsule due to the heavy, and uneven silica
layer significantly increasing the mass of the microcapsule. This silica coating can be improved by the sol-
gel method. However, sol-gel method requires more expensive precursors, harsh processing conditions, and

many highly toxic chemicals.

Aiming to overcome the limitations of existing methods to apply silica coating, this study took
inspiration from the natural synthesis process of silica. Organisms such as sponges and diatoms are known
to produce intricately structured silica formations on a considerable scale. This process takes place under
mild pH and at ambient temperatures and is regulated by proteins [17]. Taking cues from this bio-
silicification process, we explored the use of biomolecules including proteins and peptides to induce the in
vitro production of silica. By adding silaffin proteins to a silica precursor solution, Sumper et al. [18]
demonstrated the rapid precipitation of silica under almost neutral pH and ambient temperature conditions.
Silaffins are peptides that undergo post-translational modifications, with lysine residues modified to allow
for coupling with long-chain polyamines [19]. The assembled polyamine structure of silaffins serves as a
catalytic template for polycondensation of silicic acid derivatives in diatoms. As a result, silica films can
be easily applied to various substrates by first introducing a layer of polyamine as a mimic of silaffins on
the surface and then submerged in silica precursor solution [20]. By mimicking this silica film formation
process, this study developed a novel, scalable, and cost-effective approach to apply silica coating on the
surface of CPCM. This coating process is carried out under mild pH value and ambient temperature
conditions, minimizing production costs and toxic waste. More importantly, better quality of the coating

can be achieved.

The microstructural morphology, chemical compatibility, and thermal properties of the CPCM and
BCPCM were characterized using advanced techniques such as scanning electron microscopy (SEM),
energy dispersive spectroscopy (EDS), Fourier transform infrared spectroscopy (FTIR), thermogravimetric
analysis (TGA), derivative thermogravimetry (DTG), and differential scanning calorimetry (DSC). Mortar

samples were prepared by incorporating varying volume percentages of CPCM and BCPCM and then
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subjected to comprehensive evaluations of their mechanical and thermal properties. Finally, the potential
of BCPCM on TES application was evaluated with cementitious composites incorporating different volume

fractions of BCPCM.

2. Materials and methods

Cenosphere ES 160 purchased from Cenostar Corporation, USA, and type I Portland cement purchased
from Sakrete (USA) were used in this study. A biobased PCM, PureTemp 29, produced by PureTemp, USA
was used as the core material. The thermophysical properties of PureTemp 29 are shown in Table 1.
Ammonium fluoride (NH4F) with a purity of 96% was purchased from Beantown Chemical Corporation
(USA). Hydrochloric acid (HCI), sodium metasilicate nonahydrate were commercially obtained from MP
biomedicals, USA. Sodium phosphate dibasic heptahydrate and sodium phosphate monobasic monohydrate
were ordered from VWR International, USA. Poly (allylamine hydrochloride) (PAH) and Lysozyme were
purchased from Thermo Fisher, USA. Calcium gluconate gel was readily available for safety purposes

during acid etching.

Table 1: Properties of biobased PCM from manufacturer

Melting Latent heat Thermal conductivity Density Specific heat
temperature J/g) (W/m°C) (solid/liquid) (J/g°C)
C) (/ml)
29 202 0.25/0.15 0.94/0.85 1.77/1.94

2.1 Production of CPCM

The manufacturing process of CPCM, schematically shown in Fig. 1, has been thoroughly discussed in
our previous study [15]. The as received cenospheres were soaked in water for 30 min under vacuum for
1h. The broken cenospheres sank and the unbroken cenospheres floating at the top were collected for
chemical etching. 25g of the collected cenospheres were soaked in 250 ml of 1.0M NH4F-1.2M HCI-H,O
solution for 1.5h with occasional stirring at 15 min intervals. At the beginning, the cenospheres floated on

the etching solution. The hydrofluoric acid (HF) produced in the chemical etching process dissolved the
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glassy films covering the cenospheres to create perforations through which melted PCM can be loaded. The
etched cenosphere sank at the bottom due to the increased density from the inflow of etching solution into
the cenosphere. The etched cenospheres were vacuum filtered, washed many times with water until the pH
of the solution was neutral and then oven dried at 105°C for 48h. The PCM was loaded into the etched
cenospheres by the vacuum encapsulation method. To do this, 50g of etched cenospheres were firstly placed
under vacuum pressure of approximately 88 kPa for 30 mins to remove trapped air in the chamber and
cenospheres. Then about 300ml of melted PCM, corresponding to approximately 3 times the volume of the
etched cenosphere was quickly introduced into the vacuum chamber under the same pressure and 700C for
2h. Vacuum was then removed, and air was allowed back in to push the PCM through the perforations on
the cenospheres under gravity. The produced microcapsule, CPCM, was vacuum filtered and then cooled
below room temperature to ensure the encapsulated PCM to solidify. The excess PCM filtered from the
loading process was reused for another CPCM production process thereby zeroing out any PCM waste. The
produced CPCM microcapsules were then rinsed with 400C water to remove residual PCMs on the surface,
followed instantly by cooling in iced water to prevent leakage of encapsulated PCM. The resulting CPCM

was dried in air for 48h.

As received | preselection | unbroken

cenospheres process cenospheres

l—

ssa201d
Buwyoza

vacuum
CPCM impregnation etched
process |cenospheres

Fig. 1. A schematic flow diagram of the manufacturing process for CPCM

2.2 Bioinspired silica coating on CPCM to produce BCPCM

To apply the bioinspired coating on CPCM, a solution of PAH and Lysozyme referred to as PLS

was prepared by dissolving 0.25g of PAH (10mg/ml) and 0.04g of lysozyme in 25 ml of distilled water.
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The solution was stirred using a magnetic stirrer at 400 rpm for 2 minutes as depicted in Fig. 2.
Subsequently, 5g of CPCM was treated in the PLS solution by mechanical stirring at 1 rpm for 30 min
without the application of heat. The mixture was then subjected to vacuum filtration and the filtered treated
CPCM was collected. In another beaker, 5 ml Na,Si03-9H,O (1M) solution pre-hydrolyzed with 0.28 g of
HCI was prepared and called PHS. The Na2SiO3 9H20 was pre-hydrolyzed to form silicic acid which the
PAH will condense to form silica on the surface of CPCM. The treated CPCM was then added into the PHS
solution in the beaker. The pH value of the final solution in the beaker was adjusted with the phosphate
buffer solution until pH value reached 7. The resulting mix was mechanically stirred for additional 30
minutes, followed by vacuum filtration to collect the coated microcapsules (BCPCM). The BCPCM
samples were then air-dried in a vacuum chamber for further analysis. It is worth noting that this unique
coating methodology is environmentally friendly and cost-effective as it does not require the application of
heat during the coating process and quick to perform. Additionally, the procedure was carried out at neutral
pH, further highlighting its practicality and potential for large-scale implementation. In this bioinspired
coating process, the PAH molecules are expected to attach to the surface of the treated CPCM. The presence
of PAH facilitates the rapid polycondensation of silica from the pre-hydrolyzed solution, resulting in the
formation of silica coating on the surface of the CPCM. This coating effectively seals most of the

perforating holes, enhancing the stability of BCPCM and bonding with the concrete matrix.

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript.
The published version of the article is available from the relevant publisher.



water PAH lysozyme pretreated  pre-hydrolyzed
= CPCM  solution (PHS)
i

o Magnetic stirring of PLS Mechanical stirring of Mechanical stirring of
PLS/CPCM pretreated CPCM in PHS

Fig. 2. Process flow diagram of BCPCM production

2.3 Microstructural and chemical characterization

The microstructures of the treated CPCM and BCPCM were studied using Apreo SEM with voltage
between 2 and 10 kV and EDS with voltage between 10 and 15 kV. The chemical compatibilities of PCM,

PAH, CPCM, treated CPCM, and BCPCM were investigated using FTIR.

2.4 Thermal characterization

The phase change temperatures and latent heats of PCM, CPCM, BCPCM, and cement pastes
incorporated with BCPCMs were characterized using TA Instruments Discovery 250 differential DSC.
Cement pastes were selected over mortars to allow for micro-sized particles required for the analysis. The
scanning rate was set at 5°C/min, and the temperature range investigated was from 0°C to 50°C. The thermal
stabilities of the CPCM and BCPCM samples were evaluated using a Q600 TA instrument in
thermogravimetric analysis (TGA). To assess the hydration products, TGA tests were conducted on
reference mortar samples separately containing CPCM and BCPCM. The heating rate during the TGA test
was set to 20°C/min, and the measurements were taken up to 700°C. Using DSC and TGA techniques, the

study aimed to determine the phase change properties and thermal stability of the different materials under
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investigation, shedding light on their potential for thermal energy storage applications in cementitious

composites.

2.5 Mortar preparation

The mechanical properties of mortars incorporating CPCM and BCPCM were investigated in this study.
The specific gravity of the sand used in the mortar mix was determined to be 2.72 following ASTM C128
[21]. The specific gravities of CPCM and BCPCM were determined to be 1.03 and 1.10, respectively,
according to ASTM D 5965 [22]. The mix design for the cement mortars is presented in Table 2. In this
design, CPCM or BCPCM were used to fine aggregate, partially substituting the sand content by 0 (control),
10%, 15%, 20%, and 30% in volume. The mortars were mixed as described in [15], then placed in a curing
room at 23.0 & 1.0°C, and relative humidity of 96%. Compressive strength tests were carried out at 3d, 7d,
and 28 d according to ASTM C109 [48]. These tests were performed to evaluate the impact of PCM

microcapsules incorporation on the overall strength development of the mortars.

Table 2: Mix proportion of mortar

BCPCM Cement (g) Water (g) Sand (g) Fine Sand CPCM (g BCPCM

(€3] (2
Control 1100 550 1860 1240 0 0
10% vol. 1100 550 1860 930 117 125
15% vol. 1100 550 1860 775 176 188
20% vol. 1100 550 1860 620 235 251
30% vol. 1100 550 1860 310 352 376

2.6 Thermal performance

An in-house experimental setup was fabricated to accurately measure the heat storage and release
characteristics of cementitious material as depicted in Fig. 3. The thermally insulated test chamber was
constructed with an inner dimension of 1000 mm x 200 mm X% 220 mm with a cement board measuring 120
mm X 120 mm x 12 mm placed at 450 mm from the heat source. A 60W infrared lamp was used as the heat

source, which provided the necessary thermal energy for the experiments. To ensure a uniform and

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript.
The published version of the article is available from the relevant publisher.



consistent temperature field, styrofoam boards were positioned on each side of the specimen within the test
chamber. Temperature variations at critical locations were recorded using two thermocouples placed at the
inner surface of the specimen (point A) and at the center of the test chamber (point B) to mimic indoor
conditions. These thermocouples captured and monitored any changes in temperature throughout the course
of the experiment. Additionally, a data logger was employed to record the detected temperature variations
during each test. The experimental procedure involved activating the heat source for a duration of 85
minutes, after which it was promptly turned off to allowed to cool naturally for 3 h and 30 min. This cooling
period enabled the assessment of heat storage and release properties within the specified timeframe,

yielding valuable insights into the thermal behavior of cementitious material under investigation.

A: sample inner surface test point

é B: center position test point

heat source

data logger

s
thermocouples
Te——— ||

o styrofoam board

Fig. 3. A schematic representation of the thermal energy storage/release experiment

3. Results and discussions

3.1 Morphology and microstructure of etched cenospheres, CPCM Pretreated CPCM and BCPCM
Fig. 4 presents the SEM images of etched cenosphere, intentionally broken CPCM, treated CPCM, and

BCPCM. In Fig. 4(a), the etching process is evident as tiny perforations are observed on the surface of the

cenosphere. The etching solution containing HF effectively dissolves the glassy film covering the

cenosphere surface without causing harm to the cenospheres. The etched cenosphere exhibits a spongy and
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textured surface morphology with perforations predominantly ranging from 961 nm to 1.17 um. These
perforations play a vital role in enabling the melted biobased PCM to penetrate into the hollow core of the
cenosphere. To evaluate the effectiveness of the vacuum encapsulation process, some CPCMs were
intentionally broken (Fig. 4(b)). As depicted, the biobased PCM was successfully loaded into the
cenospheres through the visible perforations on the etched surface. This indicates that the etching process
not only creates surface punctures but also forms perforations that extend into the hollow section of the
cenosphere. Additionally, Fig. 4(b) demonstrates that even after applying pressure to intentionally break
the cenospheres, the shell wall remains intact, exposing only a fraction of its inside. The morphology of the
CPCM treated in the PLS solution is displayed in Fig. 4(c). Notably, glue-like patches are visible on the
surface of the treated CPCMs, indicating the presence of PAH from the PLS solutions on the surface of
CPCM as discussed in [23]. This finding highlights the successful attachment of PAH to the surface of
CPCM. Fig. 4(d) shows the morphology of BCPCM which differs from what is observed in Fig. 4(c). This
disparity arises from the deposition of silica on the surface of the treated CPCM through electrostatic
interaction between PAH and silica. The interaction starts with the adsorption of silica nuclei and
nanoparticles from the pre-hydrolyzed solution onto the treated CPCM, facilitated by the attractive forces
between charged amines on the surface of the treated CPCM and anionic silica species. The coating
thickness displayed in Fig. 4(d) varies due to the non-uniform nature of the cenosphere surface and the
continuous growth of silica film. However, despite these variations, the coating effectively seals the
majority of the perforations that are formed on the etched cenosphere surface. Overall, the SEM analysis
provides valuable insights into the morphological characteristics of the etched cenosphere, CPCM, and
BCPCM, highlighting the successful encapsulation of the biobased PCM within the cenospheres and the
deposition of silica coating on the treated CPCM using the bio-inspired process.

To confirm the presence of PAH on the treated CPCM and the silica coating on BCPCM, EDS analysis
was conducted on these samples. Fig. 5(a) presents the EDS spectrum, demonstrating that the cenosphere
primarily consists of aluminosilicate with a slightly higher alumina content. This finding aligns with the

EDS spectrum of the etched cenosphere and CPCM reported in our previous study [15]. The presence of a
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small chlorine (Cl) spectrum is observed, originating from the Cl in the PAH (poly allylamine
hydrochloride), thereby confirming the presence of PAH patches observed in the SEM image in Fig. 4(c).
However, the nitrogen spectrum which would typically arise from the amine group was not detected. This
is attributed to the weak response of nitrogen in EDS analysis, making its detection unreliable for many

materials [24].

Fig. 4. SEM images of (a) etched cenosphere (b) CPCM (c) pretreated CPCM (d) BCPCM

Fig. 5(b) shows the EDS spectrum for BCPCM. Compared with the spectrum of treated CPCM shown
in Fig. 5(a), Fig.5(b) clearly indicates a higher atomic percentage of silicon (Si) in BCPCM, which can be
clearly attributed to the silica coating. Furthermore, the presence of small sodium (Na) spectrum can be
attributed to some residual pre-hydrolyzed sodium silicate solution that did remain on the surface of the
BCPCM after filtration. Similarly, the presence of a small chlorine spectrum can be attributed to the film
layer of PAH from the treated CPCM. Nonetheless, the dominant elements observed in the treated CPCM,
namely oxygen (O), aluminum (Al), and silicon (Si) still prevail in the BCPCM spectrum. The EDS analysis

provides further evidence of the presence of PAH on the treated CPCM and the deposition of silica coating
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on BCPCM. The observed atomic percentages of the respective elements support these findings, confirming

the successful modification of the microcapsule surface and the addition of silica coating.
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Fig. 5. EDS spectra of (a) pretreated CPCM, (b) BCPCM

3.2. Chemical characterization

The FTIR spectra of the cenosphere, etched cenosphere, PAH, PCM, CPCM, treated CPCM, and
BCPCM are presented in Fig. 6. The spectra of the raw cenosphere (Fig. 6(a)) and etched cenosphere (Fig.
6(b)) are similar, suggesting that the chemical etching process does not cause significant damage or
alteration to the chemical composition of the original cenospheres. This is not surprising since etching
mainly removed the amorphous silica from the cenosphere. The distinctive peaks observed at 1040 cm'!
and 738 cm™! in the spectra of these two cenospheres are attributed to the stretching vibrations of Si-O-Si

and Si-O bonds [25]. The PAH spectrum (Fig. 6(c)) displays absorption bands related to amide groups,
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specifically at 1622 cm-1 and 1516 cm-1, which correspond to -NH bending vibration and -CN and -CO
stretching, respectively [26]. The bio-based PCM spectrum (Fig. 6(d)) exhibits characteristic peaks
associated with -CH groups at 2953 cm™!, 2915 cm™!, and 2846 cm™'. The peak observed at approximately
1739 cm™ is attributed to the presence of the carbonyl group C=0 from the carboxylic functional group,
while the peaks at 1463 cm!, 1436 cm™, 1411 cm™, and 1000 cm™ are associated with -OH bending [27].
In the spectra of CPCM (Fig. 6(e)), PAH treated CPCM (Fig. 6(f)), and BCPCM (Fig. 6(g)), peaks
corresponding to the PCM, cenosphere, and etched cenosphere are evident. The Si-O-Si peaks in the CPCM
and BCPCM spectra are observed at reduced intensities, with a more pronounced reduction in the CPCM,
which is consistent with the findings of the EDS analysis. This reduction can be attributed to the nonpolar
nature and zero net dipole moment of SiO, [15]. It is noteworthy that the amide band absorption peaks
observed in pure PAH are drastically reduced and almost unnoticeable in the treated CPCM. This is likely
due to the biobased PCM film covering most of the surface, as only patches of PAH are present on the
pretreated CPCM. The BCPCM spectrum exhibits higher and broader characteristic peaks of Si-O-Si at
1057 cm™ and 1020 cm™ compared to the CPCM. These differences can be attributed to the silica deposition
on the BCPCM resulting from the bioinspired coating process. Notably, Fig. 6(g) shows that there is no
significant shift in the characteristic peaks of the BCPCM, indicating that it retains all the distinctive bands
of each phase. This provides clear evidence that the interaction between the phases is solely a result of
physical mixing, and no further chemical reactions occur. Summarily, the results show that silica has been
successfully deposited on the surface of the pretreated CPCM, as indicated by the distinctive spectral

features observed in the FTIR analysis.

3.3. DSC analysis of PCM, CPCM and BCPCM

One of the primary contributions of this study is the enhancement of the latent heat of coated cenosphere
microcapsules compared to our previous work [15]. The DSC curves of PCM, CPCM, and BCPCM are
illustrated in Fig. 7. The biobased PCM exhibits latent heat of fusion and crystallization of 213.86 J/g and

207.40 J/g, respectively. The endothermic and exothermic temperature peaks of the biobased PCM were
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observed at 30.69°C and 23.67°C, respectively. The DSC curve reveals that the CPCM has approximately
56% of its weight occupied by the biobased PCM, as calculated from the CPCM's latent heat of fusion of
119.27 J/g. This corresponds to an impressive loading capacity of the etched cenosphere reaching as high
as 127.27% with the biobased PCM. The BCPCM demonstrated latent heat of fusion and crystallization of
86.40 J/g and 85.11 J/g, respectively. This represents an increase in about 31% compared to the coated
CPCM reported in our previous study [18]. To confirm the thermal recyclability of the CPCM and BCPCM,
100 thermal cycles were carried out using DSC and the result is as shown in Table 3. It can be seen from
the table that even after 100 thermal cycles, the change in latent heat during melting and crystallization for
CPCM and BCPCM is almost negligible. However, the deviation of the melting and crystallization
temperature is slightly more in CPCM after these thermal cycles attributed to leakage of PCM from the
cenosphere. This phenomenon was not observed in BCPCM further confirming its thermal reliability and

the effectiveness of the coating to seal most of the perforations on the etched cenospheres.
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Fig. 7. DSC for PCM, CPCM and BCPCM
Table 3 : Thermal performance of CPCM and BCPCM after 100 thermal cycling
Melting process Crystallization process

1st thermal cycle 100th thermal cycle Ist thermal cycle  100th thermal cycle

Tm (0C) AHm (J/g) Tm (oC) AHm (J/g) Tc (oC) AHc (J/g) Tc (oC) AHc (J/g)
CPCM 30.02 119.27 28.55 118.54 23.99 113.44 25.75 113.69

BCPCM  29.89 86.40 30.01 85.58 24.19 85.11 24.20 86.66

To evaluate the performance of BCPCM, its latent heat is compared with similar studies in literature
that have encapsulated biobased PCM in silica-coated cenospheres, as depicted in Fig. 8 previous study
[15], [28], [29] . It can be observed that the thermal energy storage capacity of BCPCM is superior, which
can be attributed to two possible reasons: (i) this study used water as a solvent instead of organic solvents

used in prior studies, which may have led to the dissolution of some PCMs [29] , and (ii) the thin coating
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developed in this study compared to thick coatings reported previously, which have been identified as a

primary factor leading to reduced latent heat in coated cenospheres [15], [28], [29].

The latent heat of cement paste integrated with BCPCMs is also presented in Table 4. It is evident from the
table that the transition temperatures of BCPCM pastes at different incorporation levels are relatively close
with minimal deviation from the DSC results of BCPCM and pure biobased PCM shown in Fig. 6. This
indicates that the phase change properties of BCPCM remain unaffected when integrated into cementitious
composite. As the ratio of BCPCM increases, the latent heat of paste also increases. However, for BCPCMs

below 20% incorporation, there is a noticeable difference between theoretical and tested latent heat values. ]

100

BCPCM

80 +

Previsous study CCPCM

[oN)
(=]
1

Latent heat (J/g)
&
1

20+

Coated microcapsule of cenosphere with biobased PCM
Fig. 8. A comparison of the latent heat of BCPCM with similar studies in the literature [15], [28], [29]

This discrepancy could be attributed to the lower volume of microcapsules in cementitious matrix at
the given incorporation levels or non-uniformity in the tested samples. Nevertheless, at all incorporation

levels, BCPCM contributes to the enhanced thermal performance of cementitious composite.

Table 4: Latent heat of cementitious composite with BCPCMs

Melting temp. Freezing temp. AHp, (Theoretical, AHun (Tested, %
(°C) (°O) J/g) I/g) Diff.
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10% 28.65 20.42 5.50 4.0 27.0%
BCPCM

15% 28.58 19.98 8.27 5.1 38.0%
BCPCM

20% 29.25 20.32 11.0 10.0 9.1%
BCPCM

30% 30.14 20.42 16.5 16.2 1.8%
BCPCM

3.4 Thermal stability of BCPCM

The thermal stability of BCPCM was assessed by TGA. The thermal decomposition of CPCM, as
depicted in Fig. 9(a), initiated at approximately 135°C, accompanied by a weight loss attributed to the
degradation of the PCM. This weight reduction continued gradually until around 270°C. Subsequently, the
weight remained constant until the end of the test, indicating the thermally stable nature of the cenosphere
shell which does not undergo further decomposition.

The DTG curve for CPCM, shown in Fig. 9(b), demonstrates the complete decomposition of the PCM
by 270°C and no peak afterwards, confirming the thermal stability of the cenosphere. In the TGA and DTG
curves, a sudden percentage weight loss of about 3.5% is observed till about 170°C in BCPCM, which can
be attributed to the moisture content attached to the silica [30]. The decomposition of the PCM in BCPCM
is delayed by approximately 50°C compared to CPCM, as evident in Fig. 9(a), owing to the presence of the
coating on the surface of BCPCM. This delay is clearly depicted as a peak shift to the right in the DTG
curve (Fig. 9(b)). This delay in thermal decomposition by coating can help with fire resistance by shielding
and preventing early leakage of the melted PCM [31]. The TGA analysis indicates that the PCM accounts
for 42% of the total weight, corresponding to approximately 89 J/g. This result aligns with the high latent
heat of BCPCM reported in DSC analysis. The minor hump observed in Fig. 9(a) and the peaks in Fig. 9(b)
between 300°C and 400°C for BCPCM are attributed to the decomposition of some coating material. The
residual wt.% increase of about 11.7% of the BCPCM compared to the CPCM is from the silica. This is
much lower than the 19.6 wt.% of silica coating reported in our previous study, indicating that the coating
in BCPCM is thinner. This thin coating could contribute to the enhanced latent heat of BCPCM. No further

decomposition was observed after 500°C as seen in both the TGA and DTG curves.
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3.5 Compressive strength

The compressive strength of the mortar was evaluated to assess its mechanical performance at various
incorporation levels of CPCM and BCPCM. The compressive strengths at 3d, 7d, and 28d were determined.
As shown in Fig. 10, the strengths of the mortars increased with age for the control and all microcapsule
incorporated composites. As expected, the compressive strength of the mortar containing CPCM decreased as
the volume percentage of CPCM increased. This reduction ranges between 24-37.9% compared to the
reference sample. The reference mortar exhibited a compressive strength of 59.84 MPa, while the lowest
compressive strength observed for the mortar with a 30% volume of sand replacement by CPCM was 37.15
MPa. This decrease in strength can be attributed to the lower crushing strength of cenospheres compared to the
sand it replaced [32], and there is also a possibility of PCM leakage into the cementitious composites, which
may have a detrimental effect on the mortar. Despite this reduction in strength , the 28d strength of the mortar
with CPCM is still sufficiently high for structural, plastering, or masonry applications [33]. The compressive
strength of the mortar with BCPCM is depicted in Fig. 10(b). Similar to the observations with CPCM, the
compressive strength of the mortar decreased as the amount of BCPCM increased. However, the reduction in
compressive strength for BCPCM mortar ranged from 15-31%, which is significantly lower compared to the

reduction observed with CPCM. The use of the bioinspired coating on BCPCM resulted in the recovery of
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some of compressive strength loss observed in the mortar with CPCM. As shown in Fig. 11, the coating
enhanced the strengths of the mortars with 10%, 15%, 20%, and 30% volume of sand replaced by CPCM by
12.45%, 14.31%, 28.3%, and 11.0%, respectively. The reasons responsible for this increased strength can be
summarized as follows: Several factors contributed to this increased strength: (i) The presence of the silica
coating on the surface of BCPCM facilitated the formation of a greater amount of C-S-H gel, which is known
to enhance the strength and durability of cementitious materials. (ii) The bioinspired coating effectively
minimized or prevented leakage of the biobased PCM into the cementitious composite matrix. This prevented
any potential adverse effects that PCM leakage may have on the mortar and maintained the structural integrity
of the composite [39]. Similar increases in compressive strength due to silica coating have been reported in the

literature [15], [28].
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Fig. 10. Compressive strength of (a) cement mortars with and without CPCM; (b) cement mortars with
and without BCPCM

The mechanical performance of mortars with BCPCM is compared with those reported in other studies
available in the literature as shown in Table 5 [15], [34]-[41]. It can be observed that the mechanical
performance of mortars incorporating BCPCM is superior at all levels of incorporation compared to the mortars
reported in the literature, with the exception of our previous study [18]. This is not surprising since the

cenosphere shell is much stronger than any other shells used in the literature. The superior mechanical
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performance of cenosphere shell makes it possible to incorporate high volume of PCM microcapsule in the
mortar. When 30% of sand was replaced by the BCPCM, the mortar still retains over 60% of the compressive
strength at 28d. As a comparsion, mortars developed by Tian et al [34] lost almost 90% of its strength. Table 4
also suggests that the strength of the mortar with BCPCM is slightly lower than the one presented in our
previous study [18]. This can be attributed to the fact that the silica layer on the cenosphere from our previous
study is much thicker than that of the BCPCM, thereby contributing more to the formation of C-S-H for
improved compressive strength. This result further confirms the thinness of the bioinspired silica coating, the
increased latent heat observed and the superior mechanical performance of cenospheres as microcapsules for

PCMs.

Table 5: Comparison of 28d Compressive strengths of MPCMs in mortars reported in the literature

Studies % MPCM in cementitious ~ % 28d compressive strength Ref.
material reduction*®

Tian et. al 10, 20, 30 27,49, 88 [34]
Haider et. al 10, 15 43, 50 [35]
Aguayo et. al 10, 15, 20 20, 37, 39 [36]
Gbekou et al 10, 15, 20 76, 83, 88 [37]
Illampas et. al 10, 15 65,78 [38]
Zhang et. al 10,20 17,36 [39]
Gengcel et. al 10, 15 17,40 [40]
Cui et. al 10, 20 24,44 [41]
Previous study 10, 15, 20, 30 2 (increase), 4, 14, 24 [15]
This study 10, 15, 20, 30 15,18, 20, 31
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Fig. 11. (a), (b) SEM image of mortar integrated with cenosphere microcapsules; (c) BSE image of the
mortar with CPCM; (d) BSE image of the mortar with BCPCM

After conducting the compression test, the mortar particles containing CPCM and BCPCM were
collected and analyzed using scanning electron microscopy (SEM), as illustrated in Fig. 11. The SEM image
in Fig. 11(a) reveals that cenospheres were evenly dispersed throughout the mortar. These PCM
microcapsules occupied some of the hemispherical spaces before the compression test. However, during
the test, these PCM microcapsules were forcibly ripped out, resulting in damage and the formation of
observed hemispherical voids and the stress cracks seen in Fig. 11(b). Remarkably, these cenosphere
microcapsules maintained their structural integrity without shattering or deforming during the mixing
process, highlighting their excellent mechanical performance. This supports the excellent mechanical
performance of cenosphere microcapsules even further. The backscattered electron (BSE) image of samples

with CPCM, Fig. 11(c), show cracks around the loose interfacial transition zone (ITZ) between CPCM and
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the cementitious matrix, which can be attributed to the leakage of the PCM from the cenosphere. However,
the ITZ observed in Fig. 11(d) appears dense and free of cracks. This observation further confirms the
effectiveness of the bioinspired silica coating in preventing PCM leakage. It also provides evidence
supporting the strength improvement achieved through the application of the coating, as demonstrated in

Fig. 10.

3.6 Thermal energy storage and release

The temperature evolution curves at the inner surface of the paste sample and the center of the cubic
space behind the paste sample are presented in Figs.12(a) and 12(b), respectively, for the control paste and
pastes containing different quantities of BCPCMs. The temperature peak of the control sample, as observed
in Fig. 12(a), is significantly higher compared to the paste samples incorporating BCPCM. Moreover, as
the quantity of BCPCM increases, there is a gradual reduction in the temperature peak. During the heating
period, as depicted in Fig. 12(a), the incorporation of increasing amounts of BCPCM leads to a slower
temperature rise and a slight shift in the peaks to the right when the PCM begins to melt at temperatures
ranging between 28°C and 31°C. This observation indicates that both the temperature peak and the rate of
temperature increase decrease with higher BCPCM content, thereby highlighting a substantial enhancement
in thermal energy storage capacity. The cooling phase of the curve exhibits similar trend to the heating
period. The temperature of the control sample exhibits a rapid decrease, whereas the samples incorporating
BCPCM demonstrate slower cooling rates and maintain temperatures above that of the control sample for
approximately 160 minutes during the cooling period, which is close to the phase transition temperature of
the PCM. Similar results were observed in Fig. 12(b), where the indoor temperatures were cooler compared
to the surface temperatures as the amounts of BCPCM increased. The temperature peaks and differences at
different testing points on the samples are presented in Table 6. For point A, which represents the sample
surface, the temperatures decreased by 1.63°C, 4.87°C, 6.34°C, and 7.92°C with the incorporation of 10%,

15%, 20%, and 30% BCPCM, respectively. Similarly, at point B, which represents the center of the sample,
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the temperatures decreased as the amount of BCPCM increased. These findings clearly demonstrate the
significant TES potential of PCM when incorporated into construction materials, as well as the ability of

BCPCM to enhance and regulate indoor temperatures effectively.
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Table 6. Temperature peaks and reductions at different testing positions

BCPCM % Peak temperature ~ The temperature ~ Peak temperature ~ The temperature
at A (°C) reduction at A at B (°C) reduction at B(°C)
O

0 44.86 - 34.73 -

10 43.23 -1.63 33.06 -1.67
15 39.99 -4.87 31.83 -2.90
20 38.52 -6.34 30.34 -4.39
30 36.94 -7.92 28.76 -5.97

4. Conclusions

In conclusion, this study introduces a novel bioinspired method for applying a silica coating on the
surface of CPCM microcapsules, offering several key advantages over existing methods. The new coating
technique is performed under mild pH and ambient temperature conditions, making it environmentally

friendly and cost-effective. The utilization of low-cost sodium silicate as a precursor further enhances its
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economic feasibility. The developed silica-coated, cenosphere-based PCM microcapsules (BCPCM)

exhibit promising properties and present significant contributions to sustainable building materials.

The successful deposition of the bioinspired silica coating on the CPCM microcapsules effectively
seals perforations on the etched cenospheres, resulting in improved thermal performance. The analysis
reveals a remarkable 31% increase in the latent heat of BCPCM compared to previous studies. The
enhanced thermal stability of BCPCM, demonstrated by a delayed thermal decomposition of PCM by
approximately 50°C, offers improved fire resistance and mitigates early leakage of PCM. Although the
incorporation of both CPCM and BCPCM slightly reduces the compressive strength of the mortar, BCPCM
exhibits a significantly lower reduction compared to CPCM and other existing technologies. The
bioinspired silica coating contributes to the recovery of strength loss, restoring a notable percentage of
strength reduction caused by the incorporation of different amounts of CPCM into the mortar. Additionally,
the coating facilitates the formation of a dense interfacial transition zone (ITZ) layer between BCPCM and
the cementitious matrix, enhancing the overall performance of the composite material. Furthermore,
BCPCM demonstrates improved thermal energy storage and temperature control capabilities, making it
suitable for managing thermal demands in buildings. The potential application of BCPCM can be in
concrete, mortar, plasters and building products such as paints, roof tiles, floor tiles, acoustic walls, and dry

walls, for enhanced thermal performance.

Overall, BCPCM provides a superior solution to integrate thermal energy storage into cementitious
material. Very high-volume substitution (30%) of aggregates with BCPCM can be reached by this PCM
microcapsule without loss most of its strength, which cannot be achieved by any existing MPCM with

polymer shell.
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