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ABSTRACT

Currently, non-renewable resources are heavily consumed, leading to increased global warming resulting
from the production of carbon dioxide etc., phase change materials (PCMs) are regarded as a solution
to mitigate these global crises attributed to their promising thermal energy storage capability. In this
critical review, the thermal properties of different encapsulation methods of PCMs are summarised and
compared. Encapsulation ensures that PCMs are used safely and efficiently, therefore the method needs to
be thoroughly investigated and improved before their practical implementation. The applicable thermal
properties for different encapsulation techniques and encapsulation materials such as particle diameter,
enthalpy, encapsulation efficiency and thermal cycling times are reviewed. Future researchers are advised
to measure and report thermal conductivities, displaying them in a convenient manner; many studies ig-

Encapsulation methods
Bifunctional microcapsules
Multi-layered shell

nore this parameter, hindering research progression. Evaluation criteria for mechanical properties should
be developed to enable comparisons between studies. It is suggested that eutectic and metallic PCMs,
sol-gel encapsulation methods, complex coacervation methods, and spray drying are the areas that can
be further investigated for better microcapsule performance, higher microcapsule yield, and improved
synthesis conditions. In the future, bifunctional microcapsules, copolymer encapsulation, and doped high-
performance materials are highly promising developments when compared with current monofunctional
capsules with pure polymer shells.
© 2022 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

Abbreviations: AMA, allyl methacrylate; APS, (3-aminopropyl)-trimethoxysilane; BA, behenic acid; CaAlg, calcium alginate; CA, capric acid; CDA, cellulose diacetate; CHI
or CH, chitosan; CLPS, crosslinked polystyrene; CNCs, cellulose nanocrystals; CNFs, carbon nanofibers; CO, coconut oil; CTAB, hexadecyl trimethyl ammonium bromide; CT-
MAGC, cetyltrimethylammonium chloride; DA, decanoic acid; DETA, diethylenetriamine; DMA, dimethylacetamide; DMI, diisocyanate; DSC, differential scanning calorimeter;
DTMAB, dodecyltrimethylammonium bromide; DTMAC, dodecyltrimethyl-ammonium chloride; DTMS, decyltrimethoxysilane; DVB, divinylbenzene; EC, ethylcellulose; EDX,
energy dispersive X-Ray spectroscopy; EGDMA, ethylene glycol dimethacrylate; EPS, [3-(2,3-epoxypropoxy)-propyl]-trimethoxysilane; ES, n-Eicosane; FT-IR, Fourier transform
infrared spectroscopy; GB, type-B gelatine; GLA, glutaraldehyde; Gly, glycerol; GMA, glycidyl methacrylate; GO, graphene oxide; HCHO, formaldehyde; HCI, hydrochloride;
hCNCs, hairy Cellulose nanocrystals; HD, n-hexadecane; HDPE, high-density polyethene; HEA, 2-hydroxyethyl acrylate; HEMA, hydroxyethyl methacrylate; HMDA, hexam-
ethylene diamine; IPDI, isophorone diisocyanate; LA, lauric acid; LDPE, low-density polyethylene; LHS, latent heat storage; LO, linseed oil; MA, myristic acid; MAPTMS,
y -methacryloxypropyltrimethoxysilane; MF, melamine-formaldehyde; MMA, methyl methacrylate; MPS, [3-(methacryloyloxy)-propyl]-trimethoxysilane; MS, modified nano-
SiOy; MTES, methyl triethoxysilane; ND, n-nonadecane; NRL, natural rubber latex; OA, oleic acid; OD, n-octadecane; P(MMA-co-HEMA), poly (methyl methacrylate-co-2-
hydroxyethyl methacrylate); P(MMA-co-MA), poly(methyl methacrylate-co-methyl acrylate); P(St-co-BA-co-DVB), poly(styrene-co-n-butyl-acrylate-co-divinylbenzene); P(St-
co-MMA), poly(styrene-co-methyl methacrylate); PA, palmitic acid; PBA, poly(butyl acrylate); PCL-diol, Polycaprolactone diol; PCMs, phase change materials; PECA, poly(ethyl-
2-cyanoacrylate); PEG, polyethylene glycol; PETRA, pentaerythritol tetraacrylate; PEVA, poly(ethylene vinyl acetate); PLA, polylactic acid; PMMA, poly (methyl methacrylate);
PNC-HEMA, hexa(methacryloylethylenedioxy) cyclotriphosphazene; POA, poly (octadecyl acrylate); poly(BA-co-MMA), poly(butyl acrylate-co-methyl methacrylate); poly(MeS-
co-DVB), poly(4-methylstyrene-co-divinylbenzene); poly(SMA-co-HEMA), poly(stearyl methacrylate-co-hydroxyethyl methacrylate); PPFS, poly(2,3,4,5,6-pentafluorostyrene);
PPG2000, polypropylene glycol 2000; PS, polystyrene; PTMG, poly(tetrahydrofuran); PU or PUA, polyurea; PUU, poly(urea-urethane); PVA, polyvinyl alcohol; PVC, polyvinyl
chloride; PVP, polyvinylpyrrolidone; PW, paraffin wax; RSC, core-shell ratio; SA, stearic acid; SDBS, sodium dodecyl benzene sulfonate; SDS, sodium dodecyl sulfate; SEM,
scanning electron microscope; SF, silk fibroin; SMA, stearyl methacrylate; St, styrene; TDA, 1-tetradecanol; TDI, toluene-2,4-diisocyanate; TEOS, tetraethoxysilane; TO, thyme
oil; TTCS, triethoxyoctylsilane; UF, urea-formaldehyde; UV, ultraviolet; VETS, vinyl triethoxysilane.
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1. Introduction

Human development is inseparable from the development of
energy. Energy plays the most significant role throughout history.
However, people in the past overwhelmingly relied on burning nat-
ural resources like coal, oil and natural resources, which cannot
be regenerated sustainably. Amongst them, coal currently domi-
nates the energy market in Asia [1,2]. Fig. 1 shows the global en-
ergy consumption, with the traditional energy resources account-
ing for 84.7%, and the remaining small portion is from renewable
resources [3]. When a large amount of traditional resource con-
sumption occurs, global warming becomes a serious problem [4].
This has led to an increase in global temperature by 0.8°C dur-
ing the past century [5]. According to present research, increasing
numbers of people are focusing on the reduction of carbon dioxide
emissions [6].

It is important to find alternatives to traditional, polluting re-
sources. Many people require thermal energy to survive through-
out the world, therefore, conserving it is of great importance [7,8].
Thermal energy storage is divided into a few categories: sensible
and latent heat, sorption and chemical reactions [9]. However, la-
tent heat is more practical than others because of the large amount
of energy stored in a small volume, and it is also more useful be-
cause it can be released at a constant temperature [10]. First, the
definition of latent heat (Eq. (1)) is the thermal energy released or
absorbed during the phase transition of materials [11].

Tm T,
Q= ﬁ mC,dT + MamAHp + / " mC,dT (1)
T

Where Q is the quantity of heat stored (J), T; is the initial tem-
perature (°C), Ty is the final temperature (°C), m is the mass of
heat storage medium (kg), Cp is the specific heat (J/kg), an; is the
fraction melted, and AH,, is the heat of melting per unit mass.

The materials that could provide a large amount of latent heat
at phase transition are regarded as phase change materials (PCMs)
[12-14]. Currently, there are methods that exist to increase the la-
tent heat capacity of organic phase change materials [15]; this in-
volves increasing the degree of PCM crystallization with the ad-
dition of nanoparticles. Fig. 2 conveys that the number of publi-
cations issued has exponentially increased over the last 51 years
(1970 to 2021) as interest in PCMs for thermal storage began a
rapid increase from the year 2000 to 2010. So far, 2020 is the
year with the largest number of publications issued on thermal en-
ergy storage and PCMs, reaching 1825 and 2827, respectively (data
from Scopus). According to this trend, the number of publications
in 2021 is expected to far exceed the previous year. Along with the
increasing attention, the applications of these materials penetrate
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Fig. 1. The global energy consumption [3].

all aspects of people’s life including thermal batteries [16], food
preservation [17], solar heat systems [18], cooling systems [19],
building constructions [19,20], refrigeration systems [21], textiles
[22], air-conditioning [23] etc., due to their wide range of melting
point and various other useful properties such as high thermal en-
ergy provided, tunable speed of energy exchange, good durability
[24].

While investigating the number of patents issued over years re-
garding the PCMs, a similar increasing tendency, similar to publi-
cations, can be observed in Fig. 3. From 1954 to 1982 there are less
than 30 patents in total; some of the years even have no patents
issued, such as in 1973 and 1975. However, the number of them in-
creases sharply until recent years with the highest of 3962 patents
filed in 2020. It is notable that the year of 2002 witnesses a double
increase in patents issued compared with the previous year. The
number of patents issued at the patent office varies (Table 1), with
the most for the United States Patent & Trademark Office (34,263)

Table 1
The number of patents issued about PCMs at different patent offices (data from
Scopus, CNKI, inPASS).

Patent office The number of patents issued

United States Patent & Trademark Office 34,263
China Patent Office 16,976
Japan Patent Office 12,010
Indian Patent Office 6808
World Intellectual Property Organization 3926
European Patent Office 3551

United Kingdom Intellectual Property Office 398

b Phase change material
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Fig. 2. The number of academic publications involving from 1970-2021: (a) thermal energy storage and (b) phase change material over years (data from Scopus).
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Fig. 7. Three capsules of different scale diameter.

and the least for United Kingdom Intellectual Property Office
(398).

However, most PCMs may not be used directly because of tox-
icity, leakage (liquid or gas state), low thermal conductivity etc.
[25-27], which means these shortcomings hinder the final appli-
cation [28]. One of the most effective methods to address the leak-
age issues and enhance their shortcomings is the encapsulation
techniques, for which the valuable PCMs are wrapped or sealed by
tough and property-enhancing materials [29]. For instance, through
encapsulation, a polystyrene (PS) shell can strongly fix the shape
of PCMs and provide high resistance to external forces. Zhu et al.
[30] validated this mechanical improvement by introducing PS into
silica to make a hybrid shell, and the load withstood improved
from 14.7 pN to 39.9 pN. Therefore, it is this flexibility of material
choice that allows researchers to prepare different shells, attain-
ing different property enhancements. This concept is derived from
nature-like creatures’ cells or eggshells. The encapsulated PCMs are
composed of core (PCMs) and shell (polymer or organic materials).
These shell materials are usually divided into organic, inorganic,
and hybrid shells. The selection of shell materials essentially de-
pends on their compatibility, which is mainly affected by the inter-
facial properties and intermolecular forces between the core and
shell [31,32], and the desired improvement of properties such as
mechanical strength and thermal conductivity. As shown in Fig. 4,
there is a rising trend since 2000, meaning that the development
of encapsulation technique is required to achieve better perfor-
mance from PCMs. All over the world, China has published the
highest number of studies on PCMs encapsulation methods with
five times more the amount of studies presented by India, the sec-
ond largest publisher (Fig. 5). The shapes formed for encapsula-
tions are usually spherical (irregular shapes are also possible) due
to surface tension, and the size varies from nanometre to millime-
tre (Fig. 6).

The first encapsulation technique was invented by Barett K in
1955 [33]. After that, this innovative technique is widely used
in various fields including chemistry and medicine. The idea of
this technique is to form a capsule with different scale diameters
as shown in Fig. 7, like nano-encapsulation (Onm<d<1000 nm),
micro-encapsulation (d<1 cm) and macro-encapsulation(d>1 cm)
[34], for which the PCM cores are surrounded or wrapped by a
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Table 2
The advantages and disadvantages of the encapsulation techniques [38-40].

Advantages Disadvantages

Protection from light, heat,
moisture, and high oxygen
concentration that might lead
to decomposition of PCMs

Micro and nanoencapsulation
are complicated to conduct, and
macro encapsulation has lower
structure stability and fracture
resistance

Needs standard selection
procedure of PCMs and shell
materials

Low thermal conductivity due to
polymer used as the shell

Prevent evaporation of volatile
compounds that harm the
environment and users’ health
Cover unpleasant odours

Control the speeds of internal
materials release

protective layer. The key factors that determine a successful encap-
sulation are a completed shell formation, no leakage, and no incor-
poration of impurities that have negative effects on PCMs prop-
erties [35]. Also, it is worth knowing the encapsulation ratio (Eq.
(2)) or encapsulation efficiency (Eq. (3)) because they are the im-
portant parameters to evaluate the effectiveness of encapsulation
[36,37]. If the values obtained are higher, a higher proportion of
PCM is successfully wrapped by the shell.

_ AH(m)microcapsule

n= x 100% (2)

AH myputk pcm

E— AH(rn)micracaps1.lle + AI-I(s)microcapsule « 100% (3
AH myputk pem + AHsyputk pem

~

Where, “m” and “s” mean melting and solidification.

The advantages and disadvantages of encapsulation techniques
are further summarized in Table 2 below. As shown in Fig. 8, the
encapsulation methods can be divided into three categories based
on only the chemical reactions (usually polymerisation or polycon-
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Fig. 8. Encapsulation methods.
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Fig. 9. General classification of PCMs.

Phase change
materials

densation to form the shell), mechanical processes, or the combi-
nation of the mechanical and chemical procedures.

2. Classification of PCMs

Different classifications of PCMs have been identified for im-
proved performance, presented in Fig. 9. Initially, there are three
major categories to which the PCM materials can be classified: or-
ganic, inorganic ones, and eutectic PCMs [41].

The organic phase change materials can be classified further
into two sub-categories that have shown reasonable success in the
way the PCMs can be used. These include the paraffin and non-
paraffin compounds [41]. Amongst the inorganic materials, how-
ever, there have been identified salt hydrates and metallics as the
key PCMs that may be exploited and harnessed for use [42]. More-
over, the eutectic materials may have a further three levels of clas-
sification denoted as the organic- organic eutectic materials, the
inorganic-inorganic eutectic materials, and the mix of the organic
and the inorganic eutectic materials [43]. Some of these materi-
als are naturally occurring while others must be created from a
mixture of compounds, through purification. Techniques should be
developed that release useful amounts of energy for commercial
processes [44], over suitable temperature ranges, and that use safe
measures.

2.1. Organic PCMs

2.1.1. Paraffin used as PCMs

Paraffins are alkanes with the chemical formula, (CyHap,2) [45].
The presence of the chemical compound (CH,), is the repeating
unit in the structure of different paraffins make them ideal mate-
rials that can store and release energy as applicable in the PCMs
category. These kinds of chemicals have stable physical proper-
ties and have varying meting point temperature ranges [46]. These
are the key attributes that make them preferred for use in ar-
eas where there is a need for Latent Heat Storage (LHS) as in
the case of PCMs [47]. Accordingly, the melting point tempera-
tures have been widely associated with the number of carbon
atoms in the chemical structure of the kinds of paraffin, with
the relationship between temperature and the carbon atoms be-
ing directly related. The more carbon atoms in the paraffin chain,
the higher the melting point [48]. Paraffins can also be separated
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Fig. 10. The thermal and physical properties of paraffin [55,56].

from petroleum by-products made in oil refineries, but this kind
of source may not meet sustainability requirements [48-52]. No-
tably, PCMs should be as sustainable as possible. The thermal and
physical properties of high enthalpy paraffin are summarized in
Fig. 10. It shows that Amongst these common paraffins, only en-
thalpies of n-Tetradecane, n-Dotricontane and n-Tritricontane are
below 200 kJ/kg. Also, the major advantage of the organic PCMs
is the fact that they show no change in performance or struc-
ture (e.g., phase separation) over numerous phase change cycles
[53,54].

2.1.2. Non-paraffin compounds used as PCMs

Non-paraffinic organic PCMs include examples of ether, fatty
acid, alcohol, and glycol as thermal energy storage materials [57].
In comparison to paraffin, the oxygen atoms are incorporated in
the molecule. ChHp0, is the chemical formula used to indicate the
specific non-paraffin PCMs. The key distinguishing feature of the
non-paraffin organic PCMs is that they normally have a high latent
heat capacity. Unfortunately, much like paraffin they are generally
flammable, but they show less resistance to oxidation [57]. Also,
these materials in the category of non-paraffin organic PCMs have
low thermal conductivity and low combustion temperatures [58].
These are the negative attributes that have been defied by their use
in the development of reliable and commercialize PCMs [52,58-
60]. In addition, they have varying toxicity that increases the cost
of handling them [45] as extra care would be needed to handle
such materials. The most important non-paraffinic PCMs are sugar
alcohols and a select category of fatty acids [61]. A key advantage
these non-paraffinic PCMs have is that they can be combined with
other non-paraffin PCMs to have a higher latent heat fusion, which
will be discussed later in details in Section 2.3. Non-paraffin PCMs
can retain properties such as high deformation stability, phase sep-
aration resistance after cycling, and also crystallization without su-
percooling; these are retained especially when the non-paraffin
PCM is mixed with another non-paraffin PCMs [42,62,63]. This kind
of arrangement would give the best PCMs for use, but it deters
people based on the cost of the items. It is an expensive mixture
compared with the individual costs of either the paraffin materials
or the fatty acid PCMs, due to the cost of exploring a suitable com-
bination and concentration [57]; this is not true if a mixture with
predetermined properties can be made. Fig. 11 summarizes some
non-paraffin compounds with their melting point and high heat of
fusion (above 200 KkJ/kg).

International Journal of Heat and Mass Transfer 200 (2023) 123458
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Fig. 11. The thermal and physical properties of non-paraffin compounds [55,64,65].

2.2. Inorganic PCMs

2.2.1. Inorganic compounds used as PCMs

Inorganic compounds have been used in the past, especially wa-
ter with its excellent latent heat (more than 300 k]/kg) compared
to other organic PCMs. However, the nature of contamination and
toxicity for some substances hinders the development of them
as PCMs. Similar to the combination of non-paraffin PCMs them-
selves, inorganic compounds can also be combined with each other
to achieve congruent melting and solidification behaviors without
separation [66]. For instance, the combination of Na,CO3 and NaCl
can be obtained, not only for keeping high levels of thermal en-
ergy (283.3 J/g), but also empowering the special property of ex-
ceptional thermal and chemical stability in CO,-rich environments
at high temperatures of around 700°C [67]. Fig. 12 summarized
some inorganic compounds with their melting point and high heat
of fusion (above 200 KkJ/kg).

2.2.2. Salt hydrates used as PCMs

Salts hydrates are the result of an anhydrous salt forming a
solid crystalline structure in the presence of water [52,68]. It
means that some salts do not have water in their state (anhy-
drous), but when water is added to them, they absorb water in the
process of ionization in specific molar ratios [69]. The salts, there-
fore, realize a general change in the ionic structure of the salt [70].
Many kinds and types of salt hydrates can form. Unfortunately, not
many can release desired energy as there are only a few thermo-
dynamically stable PCMs that can be used [71]. When anhydrous
salts are hydrated, and in the process release energy, the energy
can be harvested for sustainable energy that can also be commer-
cialized in the long run [72].

Accordingly [73], the commonly used salts for PCMs include
sodium sulfate decahydrate (Na,SO4-10H,0), calcium chloride hex-
ahydrate (CaCl,-6H,0), and sodium hydrogen phosphate dodec-
ahydrate (NayHPO4-12H,0). Other hydrated salts in this category
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Fig. 13. The thermal and physical properties of salt hydrates [55,65].

that may also play significant roles in creating PCMs include iron
(IlT) chloride hexahydrate (FeCl3-6H,0) and zinc nitrate hexahy-
drate (ZnNO3-6H,0) [73]. The quality of these salts for use in var-
ious categories depends on the key features like the melting point
temperatures and their ability to undergo supercooling [68]. The
most commonly used salt hydrate is Sodium sulfate decahydrate
(NayS04-10H,0) [73]. Its use is majorly preferred ahead of the
other hydrated salts because it has a melting point temperature
of 32.4°C which is higher than the other salts [74-76]. However,
it has various disadvantages based on its inconsistent tempera-
tures for its melting and inconsistent supercooling points [77]. By
better understanding their phase transition point, they can be ap-
plied efficiently [78]. Fig. 13 summarized some salt hydrates with
their melting point and relatively high latent heat of fusion (above
200 KkJ/kg).

2.2.3. Metallics used as PCMs

Some of the PCMs are metallic, and this makes them non-
organic PCMs, but inorganic are in the same category as the salt
hydrates [79]. These materials have different levels or kinds of
properties. The use of metallic PCMs like other materials used
for a similar purpose can transport heat away from a critical de-
vice meaning that they can buffer the temperature of a device
during periods of transient high-power operation [80]. They then
can store that heat using the latent heat of fusion. They absorb

International Journal of Heat and Mass Transfer 200 (2023) 123458

[ H (kJikg)
| Tm (*C)
463 Aluminam-4.6 Silicon-49.] Copper 1 :
8776 Aluminum - 12.24 Silicon - I
8314 Alumenuen- 11,7 Silicon-5, 16 Magnesam 1 |
06,92 Alaminum-33.08 Copper 1
- £4.3-34.0 Capper-1.7 Antimany 1 1
5
3 685 Abunsinan-$.0 5lBoon-25.5 Copper 1 |
] = T -
B 64,1 Aluminum-5.2 Sil 1 |
&% Amunam-} | I
e ———
465 Mug  f—— ]
B4 Adualnam I
|
]
T T r - T
[} 1= 20 M 4 Sony 00

Thermal properties

Fig. 14. The thermal and physical properties of metallics (the number before each
material’s name denotes the weight fraction) [55,84].

energy from the desired material, and later release the thermal
energy to other desired materials [72]. These are attributes that
make such metals, and in some cases, with their alloys to be use-
ful PCMs, because of excellent thermal conductivity. For example,
the thermal conductivity of Cu is measured to be 180.4 W/mK
at 1600°C [81]. Thus, the use of metallic PCMs may offer addi-
tional advantages over salt hydrates and organic PCMs (thermal
conductivity less than 1 W/mK) especially in areas of heat dissi-
pation [80]. Most of the metallic PCMs have found greater applica-
bility in the manufacture of electric vehicles, a use that does not
fit organic PCMs and even the salt compounds, because metallic
PCMs can not only meet the needs of higher thermal conductivity
but also good mechanical properties (Young’s modulus of Al up to
70 GPa) [82]. Notably, the electric vehicles would demand a high
amount of thermal energy absorbed, which can only be achieved
by the implementation of the metallic PCMs, and not any other
material [83].

The costs associated with the material may vary depending on
the manufacturing costs and the economic conditions under which
it has been produced [68,85]. The search for cost-effective PCMs,
including in the metal category, continues; it is the primary focus
that will influence the frontier of the development of the PCMs
[80]. Metallic PCMs are more expensive than salts; their cost of
extraction and even implementation into suitable conditions are
higher than the other organic PCMs and the salt compounds [80].
Fig. 14 presents some metallic PCMs with their melting points and
high heats of fusion (above 200 k]J/kg).

2.3. Eutectics

In addition to the organic and inorganic PCMs, there are eu-
tectic PCMs [86]. Therefore, it is useful to understand that this
category of PCMs is normally made by mixing different types
of PCMs from either category. In some cases, two organic PCMs
may be combined to develop better properties, such as latent
heat and supercooling values. In that case, the new PCM would
fall in the category of organic-organic PCMs [87]. In other cases,
two inorganic PCMs may also be combined to make inorganic-
inorganic PCMs [88]. Again, these kinds of mixtures of two in-
organic PCMs are likely to create a set that has better attributes
compared to the initial individual inorganic materials. Moreover,
an organic and an inorganic PCM may be combined to make
up a set of organic-inorganic PCMs [17]. These kinds of mixed
PCMs are normally called eutectics [89]. Their attributes, advan-
tages, disadvantages, and uses are derived from the constituents
[90]. However, the mixture is always controlled to increase the
positive attributes of the resulting PCM for greater usability and
reliability, relative to the application the PCM will be used in
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Fig. 15. The thermal and physical properties of eutectics (the number before the
materials denotes the weight fraction) [55,65,95].

[17]. Again, in the manufacturing of the eutectic, it is impor-
tant to realize that the suitable combinations that would give vi-
able solutions economically, would considerably be pursued for
commercialization.

The most distinguishing feature of most eutectics is that they
remain unaffected by cyclic heating and cooling, hence, they have
a stable phase change. The materials in this category are there-
fore useful in making low-temperature refrigerators [91]. Over the
years, refrigerator cooling devices were not only bulky, but they
also made the refrigerators delicate and prone to failure [92].
However, the infusion of eutectics into the thermal component
makes the facility much more sleek, efficient and reliable in its
areas of use and application [93]. Such kinds of eutectic mate-
rials remain significantly importance in daily applications, even
though many people may not realize their usage in such areas.
Freezers and refrigerators are some of the common areas of ap-
plication of eutectic PCMs [94]. Fig. 15 summarizes some eutec-
tics with their melting points and high heats of fusion (above
200 KkJ/kg).

2.4. Comparison of various PCMs

PCMs are a large family containing different categories of ma-
terials. Some of the advantages and disadvantages have been dis-
cussed in previous sections, and Table 3 summarizes more com-
prehensive information from the perspective of organic, inorganic,
and eutectic PCMs.

Fig. 16 is the 95% confidence ellipse summarizing a large
proportion of PCMs (more than 350 PCMs) with their melt-
ing points and latent heats [55,56,64,65,84,95,101-106]. Inor-
ganic compounds and metallic PCMs are widely distributed
and have higher melting points and latent heats compared to
other types, however, both properties are not continuous ac-
cording to the previous section. Paraffin PCMs have higher la-
tent heat overall than non-paraffin and salt hydrates, while
there is narrow application temperature for paraffin and non-
paraffin PCMs compared to salt hydrates. Therefore, this is where
the advantages of eutectics are reflected, with continuous and
wide-distributed properties.
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Fig. 16. The melting point and heat of fusion for different kinds of PCMs
[55,56,64,65,84,95,101-106].

3. Encapsulation techniques
3.1. Encapsulation shell materials

The properties of capsules are not only determined based on
the PCMs, but also the shell materials used as well, so it is re-
ally important to select suitable shell materials to meet the re-
quirements in various applications. Like the PCMs themselves, shell
materials also share similar classifications, which are organic, inor-
ganic, organic-inorganic hybrid shell materials [107,108]. The com-
mon shell materials and their advantages and disadvantages are
summarized below in Table 4.

3.2. Physical encapsulation methods

3.2.1. Spray drying
It is useful to note that the most used physical methods for en-
capsulating PCMs are spray-drying. Fig. 17 is drawn according to
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Fig. 17. The process of spray drying.
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Table 3
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The advantages and disadvantages of different categories of PCMs.

Advantages

Disadvantages

Organic [96-99]

e No supercooling while undergoing phase change

e Homogeneous and continuous phase change meaning
no phase segregation
High compatibility with encapsulation materials
Congruent melting
Corrosion resistance
Most have no toxicity
Small volume change
Good chemical stability
Adjustable and gradually increasing melting point
Low vapour pressure while undergoing phase change
Good reliability after thermal cycling
Excellent freezing and melting behaviour
Self-nucleation
Fast nucleate rate
Recyclable
Long freeze-melting cycle

Inorganic [96-99]

Large phase change enthalpy

Superior thermal conductivity (usually more than
1 W/mK, up to 180 for Cu [97])

Cheap (metallics excluded)

Low flammability

Sharp phase change

High latent heat of fusion per unit volume
Recyclable

Small volume changes on melting

Compatible with plastic

Eutectic [96,99]

e Sharp melting temperature

e No phase segregation

e High volumetric thermal storage density

e Adjustable melting point and latent heat due to
different kinds and dosage combination

e Poor thermal conductivity (1-tetradecanol: only

0.32 W/mK for example [100])

High cost

High flammability especially for non-paraffin PCMs
High volatility

Low phase change enthalpy (most below 400 ]/g)
Paraffins are less compatible with plastic containers
Should not be exposed to oxidizing agents (especially
for non-paraffin PCMs)

e Not eco-friendly (due to PEG and paraffin)

Problematic supercooling

Corrosion

Phase segregation

Low thermal stability

Slight toxicity

Low reliability, dehydration, after thermal cycling
Decomposition

Less compatible with encapsulation materials
compared with organic PCMs

Incongruent melting

e Poor nucleating behaviour

e Too heavy for metallic PCMs

Supercooling exists

Unpleasant and strong odours

Insufficient combinations have been studied
High cost

a previous research articles description and shows the process of
spray drying [96,112]. The process of spray-drying can include the
use of preparing an oil-water emulsion containing PCMs and shell
materials. The choice of the materials to be used, again, depends
on how the two may react. Then, the next process involves spray-
ing the prepared oil-water emulsion in a drying chamber using an
atomizer. The later stage is drying the sprayed droplets. Therefore,

it would be useful to carry out the process by drying gas streams
at a suitable temperature. Finally, the process of the encapsu-
lation solutions would involve separating the solid particles by
cyclone.

Hawlader et al. [113] firstly applied the spray drying method
by using paraffin wax as the core (with a melting point of 60-
62°C) and gelatine/Arabic as the shell. By comparing different mi-

Table 4
The advantages and disadvantages of different types of shell materials [96,109-111].
Common shell materials Advantages Disadvantages
Organic shell
e Melamine-formaldehyde (MF) resin e Good structure stability e Poor chemical and thermal stabilities
e Urea-formaldehyde (UF) resin e Superb durability after many thermal cycles e Low thermal conductivity
e Poly(urea-urethane) (PUU) e Excellent UV stability, non-toxicity, easily handle, e Toxicity
e Polyurea (PU) exceptional mechanical strength and chemical e Flammability
e Acrylic resins resistance (for outstanding acrylic resins) e Poor thermal stability

Inorganic shell

e Low long-term stability
e Brittle
Easy to fracture leading to the leakage

e Silica e Better utilization than organic shell

e Titania e Exceptional thermal stability

e Calcium carbonate e High thermal conductivity

e Zinc oxide e Easy to surface modification with different
e Alumina functional groups

Organic and inorganic hybrid shell

e Silver nanoparticles in organic shell
e [ron nanoparticles in organic shell
e Silicon nitride in organic shell

Mechanical strength
Chemical stability

Outstanding thermal conductivity

Inorganic additives are easy to detach
from the surface
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Fig. 18. The spray drying device [115].

crocapsules produced from the 2:1, 1:1, 1:2 core-shell ratio, they
concluded that with the core-to-shell mass ratio increase, the en-
capsulation efficiency decreases, and the storage capacity increases.
The spray drying technique can result in capsules with uniform
size and spherical shape without any dents or edges.

Wu et al. [114] achieved heat transfer enhancement by using
this method. The microcapsules with spherical shapes are obtained
by encapsulating paraffin in polystyrene (PS). They found that the
spray method gives an average heat transfer coefficient increase of
70% when there is 28% of paraffin nanoparticle volume fraction in
slurry, compared to the water.

Borreguero et al. [115] introduced a study of carbon
nanofibers (CNFs) incorporating a Low-density polyethene
(LDPE)/Poly(ethylene vinyl acetate) (PEVA) shell. The core material,
in this case, is commercially used paraffin named Rubitherm®RT27.

The spray drying is conducted by the device shown in Fig. 18 in
which core and shell materials are mixed to form an oil-in-water
emulsion in the stirring reactor, followed by pumping them into
the drying chamber along with hot air (nitrogen). The microcap-
sules are collected in the product collector after solvents are car-
ried with nitrogen by the cyclone. They found that the latent heat
of the microcapsules is comparable to that of using suspension
polymerisation to form a styrene shell. Suspension polymerisa-
tion will be discussed in Section 1.1.1. Besides, after the incorpo-
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ration of CNFs, the thermal conductivity and mechanical proper-
ties are largely enhanced without a significant reduction in heat
storage capacity (98.14 to 95.64 ]/g). However, there is an agglom-
eration problem occurring in the drying chamber as shown in
Fig. 19 b. According to a test carried out with 3000 thermal cycles
(to simulate the 30-years of continuous operation), the resulting
microcapsules are more stable than that by using only PS as the
shell.

Li et al. [116] adopted acetone/dimethylacetamide (DMA) as the
mixed solvent and cellulose diacetate (CDA) as the shell to encap-
sulate the n-octadecane by spray method. The optimal CDA con-
centration and acetone/DMA was found to be 6 wt.% and 1:1, re-
spectively. Fig. 20 shows that the mixed solvent ratio of 5:5 pro-
vides a narrowed size distribution and a more regular spheri-
cal shape. Furthermore, they applied the crosslinking agent, glu-
taraldehyde (GLA), to improve the compactness of the shell and
protection of the core. However, the crosslinking process results in
a lowering in enthalpy of microcapsules due to oil phase perme-
ation.

Methaapanon et al. [117] encapsulated the n-octadecane and
methyl palmitate as core materials in silica as the shell, the fab-
rication process is shown in Fig. 21. They found that the increase
in surfactant to core ratio results in a lowering number of droplets
and smaller emulsion droplets, which is unfavourable due to worse
coverage and lower surface area, leading to a lower encapsulation
efficiency (see Fig. 22). The emulsion time before spray drying and
core-shell ratio are also key parameters. As shown in Fig. 23, the
morphology exhibits the normal spherical shape when the core-
shell mass ratio is 0.25 to 0.5, but a thinner shell. As the gel time
increase, the thickness of the shell is increased, preventing leak-
age due to the longer polycondensation reaction of silica to form
the network. Herein, the shell is porous acting as multicore con-
tainer for PCMs. Conclusively, the most suitable core-shell ratio
was found to be 0.25 due to the highest encapsulation efficiency
and good morphology.

A summary of the previous works used spray drying for encap-
sulation is provided in Table 5.

3.2.2. Solvent evaporation

Solvent evaporation is another physical microencapsulation
method; this is applied in cases where the materials used as PCMs
are resistant to heat. In other words, they are used in cases where
there is high heat, used to evaporate the low boiling-point solvent,
instead of affecting the PCMs we need, thus leading to deposition
of shell materials on the surface of the PCMs. For the solvent evap-
oration mechanism, an aqueous phase with a suitable emulsifier
and oil phase containing polymer are used as a shell material; the
core materials and low boiling point solvent (that could dissolve

Fig. 19. The SEM images of microcapsules collected in (a) product collector and (b) drying chamber [115].
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Fig. 20. The SEM images of microcapsules produced by different acetone/ DMAratio, (a) 9:1, (b) 7:3, (c) 5:5, (d) 3:7, (e) 1:9 [116].

Table 5
The properties of the encapsulated capsules using spray drying.
Refs.  Core material Shell material Average Thermal cycling  Encapsulation heat of Other properties
diameter (um) (cycles) efficiency (%) fusion (J/g)
[113]  Paraffin wax Gelatine and acacia <1 - 91.98 216 e Narrow particle size distribution with

spherical shape and smooth surface.
e The ideal core-shell ratio is 2: 1

[114]  Paraffin Ps 0.1 5000 - 2203 e Spherical shaped microcapsules
[115]  Rubitherm®RT27 LDPE-PEVA 3.9 3000 63 98.1 e Core content: 49.32 wt.%
(paraffin) (containing CNFs) e Good mechanical properties
e Good thermal stability
[117]  N-octadecane Silica 11.5 - - - e Spherical shape with porous shell

methyl palmitate

10
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Fig. 21. The fabrication process of microcapsule [117].

the polymer) are prepared first. The two phases are then mixed
to form the emulsion. With the help of heating and reduction of
pressure, evaporation of the low boiling point solvent is acceler-
ated, and phase separation of the polymer occurs. Once the sol-
vent is evaporated entirely, the polymer migrates to the surface of
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core materials in the water system to form microcapsules, due to
surface tension interactions, and the emulsion is transformed into
a suspension. Lastly, the microcapsules are washed and dried. The
whole process and mechanism are depicted in Fig. 24 below based
on previous research descriptions [118].

Es-haghi et al. [119] successfully modified ethylcellulose
(EC) as the shell material by three kinds of coupling agents,
(3-aminopropyl)-trimethoxysilane  (APS), [3-(methacryloyloxy)-
propyl]-trimethoxysilane  (MPS), and [3-(2,3-epoxypropoxy)-
propyl]-trimethoxysilane (EPS), before encapsulating linseed oil
(LO) by the solvent evaporation method. The highest modification
efficiency is obtained by using MPS, where the chemical inter-
action of Si-O-EC is confirmed. The morphologies of unmodified
and modified microcapsules were compared; Fig. 25 shows that
the external surface is not dependant on shell molecular weight
because the content of core materials and procedure remain
unchanged. However, if EC is modified, the internal morphology is
different due to the higher molecular weight of the shell, leading
to structural complexity. The internal morphology of unmodified
microcapsules has a smooth membrane. Nevertheless, the internal
morphology turns into the matrix (b), and a combination of
matrix and multi-nuclear (¢ and d). Thus, the modification of shell
material (EC) does have a great influence on internal morphology
and the promising application of self-healing coatings.

Fashandi and Leung [120] developed the encapsulation of a
palmitic acid (PA) core in polylactic acid (PLA) by using the sol-
vent evaporation method. They further investigate the effects of
core content, solvent content, surfactant type and content, and
oil-aqueous phase ratio on properties of resultant microcapsules.
They found that higher PA content gives rise to a higher core con-
tent and average diameter of microcapsules due to an increase
in viscosity of the oil phase. For the emulsifiers Polyvinyl alco-

Fig. 22. The size and distribution of emulsion droplets based on different surfactant-core ratio, (a) 0.05, (b) 0.1, (c) 0.5, (d) 1 [117].

n
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60 min delayed gel time

Fig. 23. SEM images of microcapsules based on different core-shell ratio (a) 0.25, (b) 0.5, (c) 1 [117].
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Fig. 25. The external (I) and internal (II) morphology of unmodified (a) and modified (b-d) microcapsules [119].

hol (PVA) and sodium dodecyl sulfate (SDS), an increase in the
content of both leads to smaller particle size due to a result-
ing lower surface energy. Nevertheless, once the content is be-
yond the critical micelle concentration, a larger particle is ob-
tained. Furthermore, they suggested SDS is not a suitable surfac-
tant to generate this kind of microcapsule, due to the core dis-
solution in the aqueous phase, leading to a lower encapsulation
efficiency.

According to the research by Lin et al. [121], myristic acid (MA)
is sealed by EC to form spherical microcapsules. By preparing dif-
ferent microcapsules with different core-shell ratios, they found
the 2:1 core-shell ratio is the most suitable. They also pointed
out the reason why the freezing point is smaller than the melt-

12

ing point is that the EC hinders the solidification of the core
material.

Khan et al. [122] explored a novel shell material, poly (methyl
methacrylate-co-2-hydroxyethyl methacrylate) [poly (MMA-co-
HEMA)], to encapsulate paraffin wax as core material (see Fig. 26).
The optimum ratio of MMA-HEMA is 75:25, obtained in previous
research [123]. They further found that the obtained microcap-
sules can be excellently dispersed in natural rubber latex (NRL) due
to the mechanism that polymer chains from microcapsules tend
to self-assembly towards rubber, leading to strong adhesion (see
Fig. 27). This results in the enhancement of mechanical strength,
and the optimal microcapsule incorporation content of 20% can be
seen for the largest strength (see Fig. 28).
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Fig. 26. The fabrication process of microcapsules [122].

Fig. 27. The SEM images of cryofractured natural rubber loaded with different content of microcapsules; (a) 0 wt.%, (b) 20 wt.% (c) 50 wt.% [122].

Wang et al. [124] successfully incorporated cellulose nanocrys-

20 tals (CNCs) in poly (methyl methacrylate) (PMMA) as the shell to
= NRL = encapsulate the n-eicosane by Pickering emulsion assisted solvent
« NRL+ paraffin wax v evaporation method. Pickering emulsion results in outstanding sta-
1.6 A NRL+ 10% PWEM2-50 : bility and more specific information can be found in this previous
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Fig. 28. The stress-strain curves of NRL loaded with different content of capslues. o .
Fig. 29. The fabrication process of microcapsules [124].
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Fig. 31. The morphology of microcapsules made from different core-shell ratio; (a)
2:0.5, (b) 2:1, (c) 2: 1.5, (d) 2:2 [126].

research [125]. The preparation method is depicted in Fig. 29. They
found that the optimal core-shell ratio of 2:1 provides ideal ther-
mal properties and morphologies.

Xing et al. [126] focused on the encapsulation of eutectic PCMs.
They used Polyvinyl chloride (PVC) to encapsulate the mixture of
CA and PA (see Fig. 30). The most suitable core-shell ratio was
found to be 2:1; this can be deduced by the morphology study in
Fig. 31. The shape is distorted in Fig. 31 a due to the insufficiency
of PVC. Despite the small amount of irregular shaped microcap-
sules, the mean size distribution is narrow in Fig. 31 b. If the shell
content increases, the shell thickness increases, leading to bigger
particles and lower energy transition efficiency (c and d in Fig. 31).
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Table 6 shows previous progress by using solvent evaporation
for encapsulation.

3.2.3. Centrifugal extrusion

Southwest Research Institute (SwRI) first employed the cen-
trifugal extrusion method [127] the whole process is illustrated in
Fig. 32 below. To interpret, the liquid phase with core materials
flows through an inner tube, and the shell material flows through
an outer and annular tube that is around the inner tube. Due to
immiscibility between the core and shell, vibration and rotation
are needed to transfer them to orifice together. Then, spherical
drops are formed by a surface tensile force. Finally, with the help
of heating or chemical reaction, depending on the shell materials
used, these drops are solidified in a bath [112,128]. It is a feasible
and simple technique to use, although the capsule diameter range
is large (1-5000 pm) [129], and there is no study of PCM prepara-
tion by using this method.

3.2.4. Pan coating

The pan coating technique is widely applied to make small solid
particles with coating materials (shells), or tablets in the pharma-
ceutical industry. As in Fig. 33 below, the core material is sur-
rounded by the solid coating; this can be achieved via spraying the
coating or mix core and coating material from the start of the pro-
cess. The former one gives lower energy and take less time [130].
Followed by the heating and cooling down, the coating material
seals the core material and then solidifies to form capsules with
improved properties. It is worth noting that the melting point of
the core material must be higher than that of the coating, other-
wise the core material will lose its shape and melt, preventing en-
capsulation. Due to the melting point restriction and the fact that
this method cannot prepare capsules in the micro and nano range,
there are few studys involving this method.

Wang et al. [131] applied the pan coating method to prepare
macrocapsules with a wall thickness of about 30-50 pm, con-

Heating

Solidified capsules

Fig. 32. The process of centrifugal extrusion.
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Table 6
The properties of encapsulated capsules using solvent evaporation.

Refs. Core material Shell material Average Thermal cycling  Encapsulation Heat of Other properties of microcapsules
diameter (pm) (cycles) efficiency (%) fusion (J/g)
[119] LO Silane-treated 5-35 - 97.6 - e The Core-shell ratio is 7:3
and untreated EC e Shell thickness: 0.5-2.0
e Spherical shape with a rough surface
e Internal morphology is tunable
[120]  PA PLA 90-100 50 - 70.1 e Core content: 41.9 wt.%
e Melting temperature: 62.1°C
[121]  MA EC 3-5 100 62 122.61 e Melting and freezing point: 53.32 and
44.44°C
e Spherical shape
e The Core-shell ratio is 2:1
e Maximum operating temperature: 80°C
[122]  Paraffin wax poly 5 500 92.34 61.8 e Thermal conductivity: 0.49 W/mK
(MMA-co-HEMA) o thermal storage capability: 99.85%
[124]  N-eicosane PMMA 5-10 100 58.2 150.8 e Regular spherical shape
e The Core-shell ratio is 2:1
[126]  Eutectic of CA pPVC 159.3 500 57 92.1 .

and PA

Spherical shape

e Melting and freezing point: 17.1 and
18.8

e The Core-shell ratio is 2:1

sisting of a 1:1 n-octadecane (OD) and high-density polyethene
(HDPE) core material, and calcium alginate (CaAlg) as the
shell material, seen in Fig. 34 below. They found that by us-
ing chromic acid, the hydrophilicity and permeability of PCMs
can be modified, in addition to the roughness, with pores of
3 pum. Besides, the release kinetic of OD in petroleum sol-
vent is dominated by both quasi-Fickian diffusion and anomalous
transport.

3.2.5. Air suspension coating

Compared to the pan-coating technique mentioned above, air
suspension coating is more flexible and gives better control of
the shell thickness and closure by increasing the number of times
the core material passes through the coating zone to obtain bet-
ter coating coverage [127]. Fig. 35 below shows the process where
solid particles (core material) are suspended in a coating cham-
ber with the help of a recirculating air stream. As the solid par-
ticles move through the chamber, a coating material dissolved in
water or organic solvent is sprayed onto the moving particles. Af-
ter multiple circulations depending on the thickness of coating ex-
pected, particles get dried and coated, which can be accelerated by
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increasing the temperature of the air stream. Although this process
is widely used in the food, cosmetic and pharmaceutical industry,
encapsulation of PCMs is not well-received [132].

3.3. Chemical encapsulation methods

3.3.1. In-situ polymerization

The principle of in-situ polymerization is that the polymer-
ization of monomers occurs on the surface of the core material.
Fig. 36 below shows the process. Initially, the oil-in-water emul-
sion is prepared by mixing the oil phase-containing core material
and aqueous phase consisting of the suitable emulsifier and water-
soluble shell material (monomers or pre-polymers). Then, by initi-
ating polymerization (usually pH adjustment), monomers are con-
tinuously consumed to form the water-insoluble shell. Finally, mi-
crocapsules are filtered, washed, and dried.

Graham et al. [133] employed this technique to encapsulate
magnesium nitrate hexahydrate (Mg(NOs),-6H,0) with poly(ethyl-
2-cyanoacrylate) (PECA) to solve corrosion and incongruent melt-
ing problems. The two methods that can obtain nanocapsules are
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Fig. 36. The process of in-situ polymerization for PCMs encapsulation.

shown in Fig. 37 below. A difference from common in-situ poly-
merization is that they utilized sonication to prepare miniemul-
sion; this special emulsion requires less amount of emulsifier, less
time and avoids the presence of two melting points. By investigat-
ing the obtained nanocapsules that had a diameter of 100-200 nm,
they proved that they had a high thermal stability with only 3%
latent heat reduction of the nanocapsules after conducting more
than 100 thermal cycles. In comparison, bulk magnesium nitrate
hexahydrate decomposition occurs after 5 cycles.

Fig. 38 displays the evidence of higher stability, where the op-
timal formula of NanoPCM3 containing 5 wt% surfactants, 20 wt%
Mg(NO3),-6H,0 and 200 pL; this exhibits a slightly changed curve
after 100 cycles.

Qiao and Mao [134] successfully obtained encapsulated paraf-
fin by urea-formaldehyde (UF) using in- situ polymerization with
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a special particle diameter of about 45 um. Besides, they enhanced
the thermal conductivity with the addition of graphene oxide (GO)
via two different methods, inside incorporation (paraffin/GO@UF
composite) and outside coating (paraffin@UF/GO composite). The
two processes and mechanisms are depicted in Fig. 39 below.
Paraffin@UF/GO composites are obtained by the formation of cap-
sules first, and coverage second with the help of interaction be-
tween cationic and anionic surfactants, hexadecyl trimethyl am-
monium bromide (CTAB) and sodium dodecyl benzene sulfonate
(SDBS). Whereas the paraffin/GO@UF composite derives from the
interaction between GO and paraffin, and then polymerization.
They found that thermal conductivity increases with the content
of GO. At the 10 wt% of GO, however, paraffin@UF/GO composite
contributes more for enhancement of thermal conductivity from
0.2236 (UFP capsules) to 1.067 W/(m-K) compared to the other
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Fig. 37. Two methods to prepare nanocapsules [133].
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Fig. 38. The DSC curves of (a) bulk PCM, (b) NanoPCM1, (c) NanoPCM2 and (d) NanoPCM3 (optimal) [133].
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Fig. 39. The process to prepare two different microcapsule composites [134].

with a slight increase to 0.2517 W/(m-K), seen Fig. 40 below. In Pethurajan and Sivan [136] used the in-situ polymerization
the future, it is highly possible that we can entirely exchange methods to prepare paraffin wax/ UF microcapsules, integrated
polymer shells for graphene shells, instead of using graphene as with different metal oxide nanoparticles to enhance the proper-

an enhancement material. Morales-Narvaez et al. [135] have sum- ties; the process is displayed below in Fig. 41. By using differ-
marized synthesis, applications and future trends of graphene- ent characterization methods, like Scanning Electron Microscope
encapsulated materials, like graphene oxide, pristine graphene, (SEM), Fourier Transform Infrared spectroscopy (FT-IR), spectrum
polycrystalline graphene etc. However, this field is on the early de- and Differential Scanning Calorimeter (DSC) thermograms, differ-
velopment and need to tackle bottlenecks so that graphene can ent properties are investigated. The results show that the average
reach its full potential especially on PCMs encapsulation. particle size of microcapsules with a spherical shape is 65 pm,
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Fig. 40. The thermal conductivity of UFP, paraffin/GO@UF composite and paraf-
fin@UF/GO composite with their different GO contents [134].

and there is no chemical interaction between each component.
Although the addition of alumina, copper oxide, titanium oxide
slightly reduces the latent heat of paraffin wax by 9%, 11.9%, 5.4%,
the conductivity has largely increased by 21%, 49%, 59.38%, respec-

International Journal of Heat and Mass Transfer 200 (2023) 123458

tively. Amongst these three metal fillers, copper oxide accelerates
the thermal cycle most.

According to the study by Rakkappan et al. [137] issued in 2021,
the low-cost 1-Decanol is encapsulated by a urea-formaldehyde
(UF) shell. The mechanism and process are illustrated in Fig. 42 be-
low. Like the synthesis from Graham et al. [133], they also use ul-
trasonication to accelerate the emulsion process (step 1-2). On top
of that, they included the addition of GnP and CuO nanoparticles
to facilitate the thermal properties. By using the in-situ polymer-
ization, they initially prepared the capsules with an encapsulation
efficiency of 59.56%, melting and freezing enthalpy of 120.12 J/g
and 118.92 J/g at the optimal amount of 10 g. Additionally, after
two nanoparticles are incorporated, the resultant capsules main-
tain their average particle size within the nanoscale (Fig. 43 be-
low). For the addition of GnP and CuO, their optimal weight frac-
tion is 6% and 10%, resulting in an encapsulation efficiency of
56.14% and 54.52%, and a thermal conductivity increase of about
2.19 and 1.98 times, respectively. The thermal reliability of the
modified nanocapsules is exceptional, even after one thousand cy-
cles. Impressively, the charging and discharging time of modified
capsules is on average 30% faster than capsules with no addition
of nanoparticles.

Graham et al. [138] used ultrasonic treatment with in-situ poly-
merization to prepare the poly(ethyl-2cyanoacrylate)-encapsulated
Mg(NO3),-6H,0, NapS04-10H,0 eutectic mixture. DSC demon-
strated that, with the aid of special confinement and protection

e L g, Afteraddition of B
B S50 ‘;} 7z Emulsification (& 12, Formaldehyde L8 5 21
09 © 00 '::F > | — L L4
wu:v”- :?, ..Y? $ ‘1._;-“'...:::
—:‘;_"'J "qur : %;J:u‘“
Paraffin Wax + Emulsifier Pre formed Fully Formed

NP's MEPCM MEPCM

Fig. 41. Encapsulation process by using in-situ polymerization [136].
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Fig. 42. (a) The mechanism and (b) process to prepare modified capsules by using in-situ polymerization [137].
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Fig. 43. The average capsules size of encapsulated1-Decanol with and without dif-
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of the shell, its high stability and reliability after above one hun-
dred phase transition cycles is ensured. They stated that there is
the potential to design microcapsules with different phase transi-
tion points by changing the ratio of the crystallohydrate mixture
using this method.

According to the research from Khadiran et al. [139], an n-
Nonadecane encapsulated copolymer of styrene (St) and methyl-
methacrylate (MMA) was successfully achieved by one-step
miniemulsion in-situ polymerization. The ratio of the two copoly-
mer components is crucial to prepare well-performed capsules.
When the ratio is 4:1 (St: MMA), a spherical shape with an

0 Pressure
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Fig. 44. The thermal stability of n-Nonadecane encapsulated St/MMA [139].

average diameter of 160 nm is formed. With the highest en-
capsulation efficiency of 45.8%, the melting point and freezing
points are 33.1°C and 30.2°C along with excellent latent heat
of 76.9 J/g and 82.0 ]/g, respectively. Besides, the thermal prop-
erties after 1000-cycles are comparable to uncycled capsules
(see Fig. 44).

Huang et al. [140] endowed the n-Octadecane/MF microcap-
sules with light-thermal energy conversion properties by the in-
corporation of ZnO. The incorporation of 7 wt% ZnO largely en-
hanced the mechanical properties of the microcapsules, with them
fracturing at a force of 1470 N (see Fig. 45). Amongst different
amounts of ZnO (from 0 wt% to 9 wt%), 7 wt% dosage exhibits

(b)

490 N Pressure

980 N Pressure

(d)

1470 N Pressure

Slide

T ]

Fig. 45. The mechanical property test of ZnO reinforced microcapsules [140].
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Fig. 46. The infrared images of microcapsules with different amounts of ZnO; (a)
nano-ZnO powder; (b) 0 wt%; (c) 3 wt%; (d) 5 wt%; (e) 7 wt%; (f) 9 wt% [140].
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excellent light-thermal energy conversion properties, having the
highest rate of temperature increase after illumination for 10 min
(see Fig. 46).

The drawbacks of low thermal conductivity, undesirable ther-
mal stability and flammability for organic shells and PCMs are
well-received, and have been discussed before. Recently, Cheng
et al. [141] utilized the integration of carbon nanotubes (CNTs)
and Fe;04 particles to produce encapsulated PCMs with good ther-
mal behaviour and flame retardance using in-situ polymerization,
and the process of synthesis is shown in Fig. 47. In their re-
search, the morphology is investigated (Fig. 48), where Fe304 par-
ticles are located around microcapsules and connected by CNTs.
Through chromatic aberration method, the heating process is visu-
alized (Fig. 49), where Fe;0,4 particles and CNTs integrated micro-
capsules undergo smallest temperature change after 200 s. Their
research largely promoted the insulation application.

Previous works using in-situ polymerization method for encap-
sulation are integrated into Table 7.
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Fe-C-PCM

Fig. 47. Formation of Fe;04-CNTs-PCMs [141].

3.3.2. Interfacial polymerization

Interfacial polymerization techniques involve two different hy-
drophilic and hydrophobic monomers dissolving in the aqueous
phase and oil phase (core), respectively. Due to the stabilization
of the emulsifier, the oil phase including hydrophobic monomers
is dispersed in the aqueous phase. Polymerization is initiated by
change in temperature and pH during the process of adding hy-
drophilic monomers. Eventually, microcapsules are obtained by
filtering, washing, and drying. The mechanism and process are
shown in Fig. 50 below.

The first study about interfacial polymerization was written
by Cho et al. [142] synthesizing microcapsules with a smooth
spherical particle diameter of 1 um that consisted of octade-
cane (core) and PU (shell). In this case, the hydrophilic and hy-
drophobic monomers are diethylenetriamine (DETA) and toluene-
2,4-diisocyanate (TDI), respectively. According to the results, they
found that the shell material is formed in two ways, the reaction of
TDI and DETA, and then the additional reaction of TDI and amines
from the hydrolysis of TDI at the interface. The phase transition
temperature is in the range of 29-30°C, which is in the range of
bulk octadecane, the encapsulation efficiency is inversely propor-

Fig. 48. SEM images for morphology of a) PCMs, b) CNTs-PCM, c) Fe304-CNTs-PCMs [141].
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Fig. 49. Infrared images of (a) polyurethane foam, (b) PCMs, (c) CNTs-PCMs, (d) Fe304-CNTs-PCMs during heating process [141].

Table 7
The properties of encapsulated capsules using in-situ polymerisation.

Refs. Core material Shell material Average Thermal cycling  Encapsulation Heat of Other properties of microcapsules
diameter (pm) (cycles) efficiency (%) fusion (J/g)
[133] PECA 0.1-0.2 100 52 83.20 e Melting point: 91°C
Mg(NOs),-6H,0
[134]  Paraffin UF (with GO) 40-45 50 83.9 155.30 e Thermal conductivity: 1.0670 (10% GO)
e good thermal stability and reliability
[136]  Paraffin wax UF 60-65 - 52.26 110.78 e Withstand high temperature until 345°C
e Thermal conductivity: 0.586 W/mK
[137]  1-Decanol UF (with GnP 1000 56.14 120.12 e Significant thermal conductivity
and Cu0) enhancement
[138] PECA 0.1-1 100 67 126.80
Mg(NO3),-6H,0,
Nast4~10H20,
Their mixture
[139]  N-nonadecane P(St-co-MMA) 0.16 1000 45.8 76.90 e Melting and freezing point: 33.1 and
30.2°C
e Good chemical and thermal stability
[140]  N-Octadecane MF 10 100 51.4 123.90 e Good light-thermal conversion
properties: high photothermal storage
efficiency of 75.2%
e Good mechanical properties
[141]  Capric acid PMMA 0.175 - - 100.10 o Excellent insulation, thermal stability

property
Melting point: 33.73°C

tional to the content of core material, and the maximum encapsu-
lation efficiency of 87.2% is achieved when the weight fraction of
the core material is 29.8%.

Similarly, Lan et al. [143] used the same monomers (DETA and
TDI) to prepare a PU shell. However, they explored a new core ma-
terial (n-eicosane) incorporated into microcapsules with an encap-
sulation efficiency of 75%. From thermogram analysis, the capabil-
ity of withstanding high temperature is improved after encapsula-
tion from 130°C (bulk n-eicosane) to 170°C (micro- n-eicosane).

For a detailed investigation of interfacial polymerisation, Salaiin
et al. [144] contributed to a large extent. The microencapsula-
tion process is shown in Fig. 51 below. They mainly investi-
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gated the effects of different parameters, like the ratio of two
kinds of monomers, stirring rate etc., on microcapsules proper-
ties like average diameter, morphology, encapsulation efficiency
and core content. In this study, they synthesized xylitol/polyurea-
urethane (core/shell) microcapsules. Differing from other research,
the core material (xylitol) is not only used as the energy sub-
stance (PCMs) but one of the monomers forming the shell. Thus,
the shell material is made from diphenyl methylene diisocyanate
(DMI) and xylitol, and the reaction can be seen in Fig. 52 be-
low. The results show the optimal encapsulation efficiency and
core content are obtained when the weight ratio of core and
shell is 77:23. Based on this ratio, the increase in the amount of
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Fig. 52. The reaction of shell material formation [144].
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Fig. 54. The effects of the core to monomer ratio and PPG2000 dosage on encapsulation efficiency and core content [146].

MDI and decrease in stirring rate result in higher encapsulation
efficiency.

Yoo et al. [145] successfully fabricated microcapsules consist-
ing of methyl laurate as core and poly(urea—-urethane) (PUU) as
the shell. Besides, they modified the PU shell with CNCs as fillers.
To further boost the dispersion, they came up with the sur-
face modification by grafting poly(lactic acid) (PLA) oligomers and
oleic acid (OA), and the mechanism is depicted in Fig. 53 below
where TDI, DETA, Gly and PTMG are tolylene-2,4-diisocyanate (oil-
soluble monomer), DETA (water-soluble monomer), glycerol and
poly(tetrahydrofuran) (PTMG). In this study, they found that ob-
tained microcapsules have good mechanical properties with the
elastic modulus of 0.3-0.63 N/mm. The particle diameter and
thickness have the range of 20-400 and 10-150 pm, respectively.
The addition of CNCs gives rise to a denser and smoother surface
while looking at the morphology. Moreover, the encapsulation ef-

ficiency and shell thickness are inversely proportional to the core-
shell ratio, and the capsule diameter is proportional to the PTMG
content.

Lu et al. [146] made another innovation forming a kind of
double-shell to encapsulate the butyl stearate. The inner layer
is a polyurethane (PU) made from TDI and polypropylene glycol
2000 (PPG2000), and the outer layer is PU synthesized by TDI
and diethylenetriamine. They focused on the encapsulation effi-
ciency and effects of monomer ratio and PPG2000 on the core con-
tent and encapsulation efficiency. When the core-monomer ratio
is 3-4 and the dosage of PPG2000 is 1 g, the optimal core con-
tent and encapsulation efficiency are achieved reflected in Fig. 54
below.

Despite the formation of double-shell, the thermal properties of
PCMs are not significantly affected where the phase change tem-
perature is comparable before and after encapsulation. Astonish-
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Fig. 56. The mechanism of LA@SiO, microcapsules using interfacial polymerization [147].

ingly, according to Fig. 55, the average particles size of the double
shell (4.2 ym) is lower than the single shell (5.3 pum).

The latest research by Yang et al. [147] shows that a kind of mi-
crocapsule consisting of lauric acid (LA) as core and silica (SiO,) as
the shell was synthesized. They employed an interfacial polymeri-
sation technique and investigated the effects of different param-
eters during this process on the thermal properties. The mecha-
nism is shown in below Fig. 56 where the aqueous phase contain-
ing emulsifier and oil phase containing LA, and tetraethoxysilane
(TEOS) as the precursor are prepared first. In this mechanism that
differs from the above research using different monomers, they
added a small amount of TEOS to form miniemulsion (LA/TEOS
droplet) at a high stirring rate. After mixing the aqueous and
oil phase, HCL (hydrochloride) as a catalyst is added to the sys-
tem to initiate silica polymerisation occurring on the interface due
to different inside and outside concentrations of TEOS. The high
melting latent heat of 186.6 J/g and encapsulation efficiency of
78.6% was achieved under optimal conditions including 0.8 g Op-
10 as emulsifier, 1000 rpm stirring rate and the core-shell ratio
of 2:1. Besides, these spherical microcapsules exhibit exceptional
thermal stability and largely prevent leakage even at 60°C for an
hour.

Wang et al. [148] focused on the antibacterial properties of
microencapsulated PCMs, which is promising and important in
the textile and food industry. N-octadecane (OD) and thyme oil
(TO), as dual-core materials, were combined and encapsulated
within the PU shell. Isophorone diisocyanate (IPDI) and hexam-
ethylene diamine (HMDA) were used as oil-soluble and water-
soluble monomers, respectively. The process and chemical reaction
of PU are shown in Fig. 57 below.
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They found that the content of TO and OD greatly influences
the properties of obtained capsules where encapsulation efficiency
increases with the content of TO, and the supercooling phe-
nomenon is effectively suppressed by 7 wt fractions of OD. For the
antibacterial property, the date below (Fig. 58) demonstrates the
effective dosage of microcapsules in the bacteria solution to have
excellent antibacterial property. When the concentration of micro-
capsules in that solution is 0.5 wt.%, the inhibition rate is not sat-
isfactory, while an increase in the concentration of 1.5 wt.% gives a
jump in antibacterial capability, of more than 95%.

Cai et al. [149] developed a new interfacial polymerization
method where the co-solvent cyclohexane is not necessary for
the preparation of microcapsules consisting of a dodecanol dode-
canoate core and PU shell. Meanwhile, the properties of microcap-
sules are guaranteed. The microcapsules have a spherical shape,
with an average diameter of 10-40 pm, PCM-monomer ratio of
1.5:1, promising latent heat of 103.4-140.3 ]/g, a thermal con-
ductivity of 0.21 W/m K, and exceptional thermal reliability un-
til 234.0°C. Furthermore, using interfacial polymerisation without
co-solvent gives rise to not only better mechanical properties but
higher latent heat (see Fig. 59). Fig. 60 below shows the morphol-
ogy and latent heat of particles with and without using cyclohex-
ane. Particles made by using the co-solvent free polymerisation
method exhibit higher latent heat, mainly because many cracks
form from using cyclohexane, which leads to lower mechanical
properties and some extent of leakage as seen in the SEM graph
below.

Recently, PCM microcapsules have been employed to solve the
problem of ice coated electrical equipment made of vulcanized
silicon rubber. Hu et al. [150] embedded microcapsules derived
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Fig. 58. The antimicrobial activities at different concentrations of microcapsules
[148].

from interfacial polymerization into silicon rubber sheets (Fig. 61),
which could improve the insulation property and help to maintain
around phase transition temperature of rubber when the ambient
temperature decreases. In this application, the mass ratio of mi-
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Fig. 59. The heat flow at different temperatures of particles prepared with and
without cyclohexane [149].

crocapsules and rubber is crucial, and it is proved that the ratio of
1:5 is a great one to keep rubber sheet above 0°C when the am-
bient temperature is -10°C. In terms of the microcapsule synthesis,
the most suitable conditions are studied, with 55°C and 300r/min
rotational speed being the best.



Y. Huang, A. Stonehouse and C. Abeykoon

International Journal of Heat and Mass Transfer 200 (2023) 123458

Fig. 60. The morphology of particles prepared (a) with and (b) without cyclohexane [149].
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Fig. 61. Silicon rubber sheet with microcapsules mixed.

Table 8 summarizes some key works before by using interfacial
polymerization for encapsulation.

3.3.3. Suspension polymerization

Suspension polymerization as a convenient, eco-friendly, cheap,
and efficient method has largely drawn researchers’ attention over
the years [152]. The main idea is to have a water-immiscible
polymerization reaction (see Fig. 62 below). Continuous phase

Table 8
The properties of encapsulated capsules using interfacial polymerisation.

(aqueous) mixed emulsifier and water, and discontinuous phase
(oil) including core material and oil-soluble monomer are pre-
pared first. Then, the oil-in-water emulsion is formed by mixing
two phases under a high stirring rate of homogenization. After
we change the temperature or pH to initiate polymerization, dis-
persed monomers in oil droplets react to each other on the inter-
face. Due to concentration gradient, monomers diffuse to the in-
terface and continuously react. The encapsulation efficiency is af-
fected by the complicated interaction between each component,
like monomers, polymers, PCMs, initiators etc. The morphology
depends on the mobility, compatibility, hydrophobicity and core-
shell ratio [153]. According to the early research in 1976 and
1992 [154,155], Eq. (4) of the average diameter of microcapsules is
obtained:

k(D,Rvqe)

= DN UG, “

Refs. Core material Shell material Average Thermal cycling  Encapsulation Heat of Other properties of microcapsules
diameter (pm) (cycles) efficiency (%) fusion (J/g)
[142]  Octadecane PU 1 - 87.2 110
[143]  N-eicosane PU - - 75 63.55 e Can withstand high temperature
[144]  Polyhydric Polyurea- 11.2-21.6 - - 196.3
alcohol urethane
[145]  Methyl laurate Poly(urea- 20-400 10 73 148.43 e Core content: 66 wt.%
urethane) (PUU) e Melting and freezing point: 6.58 and
containing -1.64°C
hCNCs e Shell thickness: 10-150 um
[146]  Butyl stearate Polyurethane 1-5 - 95 85 e Smooth and compact surface
(PU)
[147] LA Silica - 300 78.6 186.6 e Good thermal stability
[148]  Eutectic of PU 2.2 - 82 154.2 e Shell thickness: 149 nm
n-octadecane e Melting and freezing point: 28 and
and thyme oil 18.1°C
e Antibacterial function
[149]  Dodecanol PU 10-40 100 - 140.3 e Core content: 74.45 wt.%
dodecanoate e Enhanced thermal conductivity:
0.21 W/mK
e High temperature resistance until 234°C
[150]  N-tetradecane Silica Hundreds of - - 130.8 e Freezing temperature: 3.6°C
nanometers e Melting temperature: 2.3°C
e Good thermal insulation property
[151]  Methyl laurate Polyurethane 1.13-144 - 75.18 136.2 e Core content: 85.28%

(PU)

Core/shell ratio: 3:1
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where each abbreviation is benzoyl peroxide (BPO), styrene (St), paraffin wax (PCM), polyvinylpyrrolidone (PVP) [158].

Where d is average diameter, k are parameters like apparatus
design, D, is the diameter of the vessel, Ds is the diameter of the
stirrer, ¢ is the surface tension between aqueous and oil phase, vy,
and v, are the viscosity of suspension medium and droplet, N is
the stirring rate, R is the volume fraction of monomer phase, C; is
the concentration of stabilizer.

Sanchez et al. [156] attracted a lot of attention by using the
suspension polymerization method to make encapsulation of non-
polar PCMs possible with the PS shell. The non-polar PCMs they
used, including tetradecane, paraffin wax PRS®, Rubitherm® RT27
etc., can be encapsulated using this method with almost core con-
tent of 50%, but polar PCMs, like PEG, cannot be encapsulated by
using this method due to their hydrophilic nature. After that, they
further used suspension copolymerization to prepare microcap-
sules containing PRS® paraffin wax as the core and copolymer of
St and methyl methacrylate (MMA) as the shell. Results show that
the reaction rate and particle diameter decrease with the increase
of the MMA/St ratio. There is a limit of the monomer/paraffin ratio
of 3.0 where encapsulation fails. Further, the optimal MMA/St mass
ratio and monomers/paraffin ratio have been found at 4.0 and 3.0,
respectively [157].

Enough evidence shows that PS is a feasible and well-
performing shell material; Jamekhorshid et al. [158] further in-
vestigated the following different parameters during the suspen-
sion polymerization process to prepare paraffin wax/PS micro-
capsules: initiator/monomer ratio, core material/monomer ratio,
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stabilizer/monomer ratio and water/monomer ratio. Fig. 63 be-
low shows the relationship between latent heat/particle size and
the different ratios mentioned above. A clear trend can be found
where the core/monomer and stabilizer/monomer ratio (PCM/St
and PVP/St in Fig. 63) are proportional to the latent heat. On the
other hand, stabilizer/monomer and water/monomer ratio decrease
particle size. The optimal process derived from analysis of DX7
software gives the maximum latent heat and encapsulation effi-
ciency of 148.5 J/g and 78.5%, where ratio A, B, C, D is 2.18%, 1.94,
8.84% and 11.67. N-Octadecane was encapsulated by combining sil-
ica and poly(methyl methacrylate) to form the shell in the research
by Chang et al. [159]. The resultant microcapsules had an average
size of 10 pm achieved the highest latent heat of 178.9 J/g and
core content of 73.3% at inorganic/organic ratio of 5%. However,
when they intended to further increase the amount of latent heat
and core content by adding coupling agents like Vinyl triethoxysi-
lane (VTES), methyl triethoxysilane (MTES), decyltrimethoxysilane
(DTMS) and y-methacryloxypropyltrimethoxysilane (MAPTMS), it
resulted in adverse effects.

When we encapsulate PCMs using suspension polymerization,
the problem of supercooling must be considered otherwise they
cannot be used well in applications. Al-Shannagq et al. [160] elimi-
nated this problem by introducing nucleating agents like Rubither-
m®RT58 and 1-octadecanol. The MMA and Rubitherm®RT21 act
as shell and core materials. The crystallization point of micro-
capsules without agents is 10 °C lower than those with adding
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Fig. 65. The morphology of particles with PCM/MMA (a), PCM/MMA/crosslinking-agent(b), and MMA/crosslinking-agent(c) [161].

agents. Although supercooling can be solved by both, they give
the unsmooth surface of particles, and 1-octadecanol has adverse
effects on thermal behaviour. Another disadvantage of using 1-
octadecanol is more mass loss at 50 °C. What makes these micro-
capsules appealing is extremely high reliability after two thousand
thermal cyclings when they contain 5% RT58, meaning this nucle-
ation agent assists sealing.

To study the thermal properties and morphology, Lashgari
et al. [161] investigated the microcapsules prepared by suspen-
sion polymerization containing n-hexadecane (HD) as the core, and
PMMA and poly(butyl acrylate-co-methyl methacrylate) (poly(BA-
co-MMA)) as the shells. The key property, shell flexibility, has a
strong relationship to encapsulation efficiency and thermal prop-
erties, thus they suggested both shell flexibility and thermal stor-
age together, in the real application, must be considered. When
the shell is just formed by PMMA, a multi-nucleus morphology
can be seen. A matrix-type morphology results from the poly(BA-
co-MMA) shell when BA is at high content. The morphology can
be seen in Fig. 64 below, and as it shows that a transition from
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multi-nucleus (a) to matrix-type(e) morphology with the increase
in BA content. Besides, the difference between a and b is the
crosslinking agent where (b), with the crosslinking agent, main-
tains good shape and could largely prevent leakage during a ther-
mal cycling test. In Fig. 65 below, as the BA content is below
25wt%, the particles obtained become wrinkled (Figs. 65 a, b and
66 a) due to shell shrinkage minimizing the surface tension be-
tween core and shell. Thus, microcapsules containing BA of 25
wt% and MMA of 75 wt% are nominated for the morphology rea-
son. In terms of thermal properties, HD with just PMMA exhibit
fierce degradation, while the incorporation of BA mitigates this
issue.

Parvate et al. [162] enclosed the hexadecane with the copoly-
mer, poly(4-methylstyrene-co-divinylbenzene) (Poly(MeS-co-DVB)),
and used titanium dioxide nanopowder to enhance the properties.
The suitable core-shell ratio and nanoparticles content are stud-
ied by implementing non-Pickering emulsion templated suspen-
sion polymerization; the process with mechanisms are shown in
Fig. 67 below. Results show that the most suitable nanoparticle
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Fig. 66. The morphology of particles with the same PCM and crosslinking agents (a-e), but different BA content of 5 (a), 25 (b), 45 (c), 65 (d), 85 (e) wt%. f have the same

conditions with e, but with no PCM [161].
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Fig. 67. The process of microcapsule preparation, and mechanism of copolymer synthesis [162].

concentration is 2.6 wt% resulting in the highest encapsulation ef-
ficiency of 76.6%, excellent reliability with good leakage-preventing
properties, and exceptional photocatalytic activity due to synergis-
tic photothermal effects that make microcapsules appealing in the
biomedical and construction fields. For more morphology details
(Fig. 68 below), the distribution of microcapsules is improved with
the increase in nanoparticle content. The shell thickness deter-
mines how well the microcapsules prevent leakage, and the high-
est thickness of 3.48 yum is obtained with a core-shell ratio is 0.5:1
(see Fig. 69).

Zhang et al. [163] fabricated the nanocapsules by using
n-octadecane as the core and poly(2,3,4,5,6-pentafluorostyrene)
(PPFS) as the shell. The process and particle structure are depicted

in Fig. 70 below. They found that the highest latent heat (171.8 J/g)
and encapsulation efficiency can be obtained with a shell-core ra-
tio of 1:2. When this ratio increases, the encapsulation efficiency
and latent heat will decrease. The common problem of encapsu-
lation is the change in thermal behaviour. Promisingly, the ther-
mal capability of these nanocapsules is more than 99%, meaning
that the process of encapsulation has little negative effect on en-
dothermic and exothermic behaviour. Thermal conductivity is al-
ways a problem after encapsulation, authors found that the in-
crease in encapsulation efficiency results in improvement of ther-
mal conductivity, where the value of it is close to unencapsulated
n-octadecane as the shell-core ratio is between 1:2 (NEPCM4) and
1:3 (NEPCM5) (see Fig. 71).



Y. Huang, A. Stonehouse and C. Abeykoon International Journal of Heat and Mass Transfer 200 (2023) 123458

ZZiwum

W Ium

-
wCH;— N

A A NEPCMs
Fig. 70. The preparation process of nanocapsules [163].

31



Y. Huang, A. Stonehouse and C. Abeykoon

0.16 —— Thermal Conductivity el
* ~e— Encapsulation efficiency
) ] - 70
= 0.144 £
s oo g
Z 2
& 0.124 L 50 E
g 5
S 0,101 02
g £
- 30 g
0. 08 9
20
0.06 T T T T T T T 1o

n-octadecane NEPFCMI NEPCM2 NEPCM3 NEPCM4 NEPCMS NEPCM6

Fig. 71. The relationship between thermal conductivity and encapsulation efficiency
as shell-core ratio increase [163].

Maithya et al. [164]| implemented Pickering suspension poly-
merization to synthesize microcapsules containing n-eicosane as
the core, and polyurea (PUA), modified with GO as the shell. The
function of GO is to stabilize emulsion droplets. The droplet size

International Journal of Heat and Mass Transfer 200 (2023) 123458

decreases with the increase in GO concentration (Fig. 72 below).
The SEM images tell us that the microcapsules have approximately
spherical shapes. The higher the GO concentration, the smaller the
microcapsules, and the better the GO coverage (see Fig. 73). Al-
though they found 1 g/L of GO is enough to stabilize the emulsion,
the higher concentration of 4 g/L and 8 g/L is optimal to give it
leakage-proof property, because the higher concentration of GO re-
sults in a well-covered polymer shell. Furthermore, given that mi-
crostructure, reliability, the capability of leakage proof, 8 g/L GO is
the most suitable in this case. This can be derived from the leakage
test where incorporation of GO largely decrease the rate of leak-
age, and the lowest leakage rate in a long term is achieved while
GO concentration is 8 g/L (black line in Fig. 74 b below). The au-
thors placed microcapsules with different GO concentrations on fil-
ter papers and then heated them to 60°C. The largest area stained
means the most leakage occurred (microcapsules with no GO in-
corporated, Fig. 74 a below).

Oktay et al. [165] compared two methods to prepare bio-
based microcapsules, suspension polymerization and UV-curing
(see Fig. 75 below). The poly(stearyl methacrylate-co-hydroxyethyl
methacrylate) (Poly(SMA-co-HEMA)) shell material comes from
the copolymerization of hydroxylethyl methacrylate (HEMA) and
stearyl methacrylate (SMA), and the core material is natural co-
conut oil (CO). These two techniques can be used to effectively sta-

Fig. 72. Optical microscope of emulsion droplet at GO concentration of 1(a), 2(b), 4(c) and 8 g/L (d) [164].
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Fig. 74. The picture of leakage area (a) and leakage rate at a different time (b), PUAMPCM (0 g/L GO), GO1@PUAmMPCM (1 g/L GO), GO2@PUAmMPCM (2 g/L GO),

GO4@PUAMPCM (4 g/L GO), GOS@PUAmMPCM (8 g/L GO) [164].

bilize the shape of PCMs and prevent leakage problems. However,
the latent heat obtained by using the encapsulation technique is
two times larger than that by using UV-curing.

The research by Szczotok et al. [32] is a milestone for the
prediction of microparticle morphology and encapsulation effi-
ciency. According to previous research [166,167], they calculated
the spreading coefficient theory and polar surface energy com-
ponent parameters to achieve this by measuring the interfacial
tension. St, Hexa(methacryloylethylenedioxy) cyclotriphosphazene
(PNC-HEMA) and divinylbenzene (DVB) are used as monomers to
form the shell because different shell materials give different po-
larity. The PCM used in this case is Rubitherm®RT27. If the in-
terfacial tension between oil and water is larger than that be-
tween polymer and water, three conditions could predict the pos-
sible morphology (see Fig. 76 below). Conditions at the second,
third and fourth quadrant correspond to core-shell morphology,
acorn-shaped morphology and drop separation, respectively. The
microcapsules have a matrix structure due to P(S-DVB) formed as
the shell. As they further copolymerize PNC-HEMA, the morphol-
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ogy turns into a core-shell structure. By increasing the PVP con-
centration as a suspending agent, the decrease in the polar sur-
face energy component of the water phase results in a slight in-
crease in encapsulation efficiency (see Fig. 77 below). Another fact
is that the incorporation of PNC-HEMA significantly improves the
encapsulation efficiency due to less polymer being needed (see
Fig. 78 below). Overall, they concisely concluded that the factors
that make core-shell structure formation favourable would increase
the encapsulation efficiency.

Zhao et al. [168] came up with a novel way to protect PCMs
from UV damage by the incorporation of modified TiO, as a UV
absorber. According to the SEM images (Fig. 79), there are some
pits on the external surface due to the shrinkage of the core ma-
terials during the crystallization process. However, with the in-
crease in the content of titanium dioxide, the shape tends to be-
come more spherical due to enhanced mechanical properties by
the incorporation of nanoparticles. These kinds of microcapsules
can be promisingly used in intelligent textile and architectural
coating.
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Fig. 76. Oil, water, polymer spreading coefficients of different suspending agents, PVP concentration and PNC-HEMA (a) full scale, (b) the second quadrant [32].

Parvate et al. [169] interlocked copper nanoparticles into the Some key works involved suspension polymerization for encap-
polydivinylbenzene (PDVB) shell for thermal buffering application sulation are summarised in Table 9.
in food industry. By using these microcapsules, 240 g of choco-

late expend 6.5 h on rising temperature from 5 to 35°C. Differ- 3.3.4. Emulsion polymerization

ing to other research, they applied atomic force microscopy (AFM) Emulsion polymerization involves polymerization in the aque-
to determine the roughness of microcapsules, showing higher than  ous phase. For suspension polymerization mentioned above, the
undoped microcapsules (Fig. 80). The dosage of copper nanopar- initiator is oil soluble. However, for emulsion polymerization, the

ticles is experimented to be 1.0% to achieve great performance initiator is water-soluble. Fig. 81 is drawn according to the de-
on latent heat, encapsulation efficiency, reliability and thermal  scription of previous research [96,170]. The prepared oil phase con-
conductivity. taining PCMs and monomer is added to the aqueous phase con-
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agent (PVP) concentration [32].
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taining water, suitable surfactant, and water-soluble initiator. As
the concentration of surfactant excesses a critical value, micelles
are formed generally in spherical shapes waiting for monomers
to be input. Monomers from droplets are distributed to micelles.
Then, the polymerization would happen due to the presence of
surfactant in the aqueous phase to form microcapsule-containing
micelles. After filtering, washing, and drying, the isolated mi-
crocapsules are obtained. The amount of monomer contained in
micelles, the emulsifier concentration, polymerization tempera-
ture and initiator concentration, etc., all determine the particle
size [171].

The earlier research by Sari et al. [172] has drawn peoples’ at-
tention by using emulsion polymerization. N-octacosane was en-
capsulated by PMMA. The reliability of microcapsules is excep-
tional according to the 5000 times thermal cycling tests (see
Fig. 82). Besides, the capability of resisting high temperature is ex-
cellent due to two-step degradation. Also, they explored the suit-
able emulsion stirring rate of 2000 rpm to obtain a narrow particle
size distribution whilst synthesing (see Fig. 83).

A year after, Sar1 et al. [173] used the same shell ma-
terial (PMMA) but encapsulated another promising PCM (n-

MC(AG PVP) (777777

MC(AG) |~

MC(SDS) |~

MC(PVP) |77

MC(PVP-5.03) §

MC-P(S-DVB-5%PNC-HEMA) |

i

i

Encapsulation efficiency (%)

Fig. 78. The encapsulation efficiency of microcapsules containing different shells (note that the last three bars correspond to the incorporation of 5, 10, 20% PNC-HEMA

respectively) [32].

Fig. 79. SEM images of microcapsule containing different amount of titanium dioxide; (a) 0% (b) 2% (c) 4% (d) 6% (e) 8% (f) 10% [168].
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Fig. 80. AFM images of microcapsules with a) 0% and b) 1.0% copper nanoparticles [169].

Table 9

The properties of encapsulated capsules from previous research using suspension polymerisation.

Refs. Core material Shell material Average Thermal cycling  Encapsulation Heat of Other properties of microcapsules
diameter (pm) (cycles) efficiency (%) fusion (J/g)
[157]  Paraffin P(St-co-MMA) 182 - - 84.04 e Core content: 41.46 wt.%
[158]  Paraffin PS 330 - - 148.5
[159]  N-octadecane PMMA-silica 10 - - 178.9 e Core content: 74 wt.%
hybrid
[160] PMMA 10 2000 - 110.42 o Melting/freezing Temp.: 22.8/17.51°C
Rubitherm®RT21
[161]  Hexadecane PMMA and 100-200 500 96.3 63.1 e Good shell flexibility
P(BA-co-MMA) e Smooth surface
e The core content is 28.9%
[162]  Hexadecane Poly(MeS-co- 5-50 100 76.6 63.1 e The optimal core-shell ratio of 0.5:1
DVB) e Optimal nanoparticle content of 2.6 wt
(incorporated %
with TiO,
nanopowder)
[163]  N-octadecane PPFS 490-620 200 76.1 171.8 e Thermal conductivity of 0.149 W/mK
[164]  N-eicosane GO-modified PUA 4 100 70.5 181 e Optimal GO concentration is 8 g/L
e Low leakage rate around 1% after 8 h
e Approximately spherical shape
e The photothermal conversion efficiency
of 60%
[165]  Coconut oil Poly(HEMA-co- 100-150 - 84 119 e No leakage
SMA) e Encapsulated PCM increases the
degradation temperature
e Two melting points: 5 and 18°C
e Two freezing points: -7 and -8°C
[168]  N-octadecane Titanium dioxide 10-20 500 - 139.26 e UV-shielding function
enhanced PMMA
[169]  Hexadecane Copper ~1 100 60.5 132 e Improved thermal conductivity from

nanoparticles
enhanced polydi-
vinylbenzene

0.0813 to 0.3411 W/m°C after 1%
copper doping
e Rough shell surface

heptadecane) by using emulsion polymerization. By following
the optimal emulsion stirring rate of 2000 rpm derived from
the last paper [172], the size of the microcapsule is close to
nanoscale dimensions (0.26 pm). As for the chemical and ther-
mal stability, 5000 times cycling is conducted with little degra-
dation and latent heat change. What makes it superior is the
three-step degradation compared to n-octacosane/PMMA with
just two-step degradation, meaning better resistance to high
temperature.

36

Unlike the last two research papers discussed, which achieved
narrow particle size distribution by controlling the stirring rate,
Alay et al. [174] achieve unimodal particle size distribution by
introducing cross-linker, like allyl methacrylate (AMA), ethylene
glycol dimethacrylate (EGDMA) and glycidyl methacrylate (GMA).
Herein, they encapsulated n-hexadecane with poly(butyl acrylate)
(PBA). As the SEM images (Fig. 84) show, the morphology is dif-
ferent from normal spherical shape, instead, particles tend to ag-
glomerate to form clusters. The use of EGDMA and GMA decrease
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Fig. 83. The particle size distribution [172].

the particle size to the nanoscale. Besides, they also found EGDMA
gives the highest heat capacity, whilst GMA gives the lowest. Ac-
cording to the DSC data, encapsulation has little impact on the
change in phase change temperature.

As time goes by, Sar1 et al. [175] turned their attention to study-
ing encapsulation of paraffin eutectic mixtures (Cy7-Cy4, Ci9-Cyg,
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C19-Co4, Cyp-Cypq) with PMMA as the shell. For the morphology
study, all types of microcapsules have a wide range of particle size
(see Fig. 85), and the surface is rough with some agglomeration,
forming clusters (see Fig. 86). The particle size proportion within
the nanoscale varies from 6.34 to 15.27%. They also measured the
thermal conductivity, where the four different kinds of eutectic
mixture mentioned above have the value of 0.21, 0.21, 0.21, 0.22,
and 0.23 W/mK, respectively, and the test data shows the values
do not significantly drop after encapsulation (0.19, 0.19, 0.19 and
0.20 W/m K, respectively).

Jiang et al. [176] innovated the encapsulation of a paraf-
fin wax core by using poly(methyl methacrylate-co-methyl acry-
late) (P(MMA-co-MA)) as the shell and alumina nanoparticles as
the filler to study how this nanoparticle influences the mor-
phology and thermal performance. The modification of the shell
largely boosts the thermal conductivity, since Al,03 nanoparticle
is highly thermally conductive. They found the optimal proportion
of nanoparticles added is 16 wt% so that the best performance is
achieved. Besides, the morphology depends on the dosage of the
nanoparticle. As we can see in Fig. 87, the best shape and disper-
sity are achieved when the dosage of the nanoparticle is 16 wt%,
which is one of the reasons why this dosage is the most appro-
priate. As the dosage increase, the number of particles increases
because nanoparticles act as nucleating agents (a-c). Uneven distri-
bution and less favourable morphology can be seen (c-f), especially
for 38% dosage, which is caused by the increase in surface energy.
However, as we increase the dosage of nanoparticles to achieve
better thermal conductivity, the authors pointed out a limitation
where useful encapsulation is hard to conduct, and the latent heat
tends to decrease.

Abdeali et al. [177] investigated the effect of a key aspect,
droplet size distribution, on the thermal properties. They enclosed
the paraffin wax core with polyurethane shell (coming from IPDI
and PEG as monomers). The droplet size distribution is affected
by the reaction temperature and the ultrasonic time during the
emulsion polymerization. After adjusting these two parameters,
the most optimal condition was when the paraffin and PEG addi-
tion temperature, ultrasonic intensity, ultrasonic time, and volume
ratio of oil and aqueous phase are 80°C, 90%, 20 min, 1:10, respec-
tively. Herein, it is worth mentioning that the authors introduced
polycaprolactone diol (PCL) as the improvement agent to thermal
and mechanical properties, and evidence was given in Fig. 88. Al-
though the enthalpy of paraffin wax (PW) is much higher than
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Fig. 84. The SEM images and particle size distribution of particles incorporated with (a) AMA, (b) EGDMA and (c) GMA as cross-linkers [174].
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Fig. 85. The SEM images of microcapsule with different paraffin eutectic mixtures [175].
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Fig. 87. The SEM images of microcapsules containing different dosage of nanoparticles, (a) 0%, (b) 5%, (c) 16%, (d) 27%, (e) 33%, and (f) 38% [176].
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Fig. 89. The time-temperature response of all different candidates (note: T60
means reaction temperature at 60°C, and t15 means ultrasonic time is 15 min)
[177).

nanocapsules, leakage is a serious problem. The presence of PLC
increases the enthalpy of capsules due to sharing its melting en-
thalpy. According to the time-temperature response for all can-
didates (different reaction temperature and ultrasonic time) (see
Fig. 89), the nanoparticles under optimal conditions (T80-t20) give
a homogeneous melting profile compared to other candidates, due
to their uniform particle size distribution, their same core content
and shell thickness for each nanocapsule (see Fig. 90).

Singh et al. [178] adopted emulsion polymerization to encap-
sulate 1-dodecanol with the copolymer, poly(styrene-co-n-butyl
acrylate-co-divinylbenzene), as the shell. Apart from testing the
properties of microcapsules, they applied them to PVC film for
thermal buffering ability investigation, and the process is depicted
in Fig. 91. Findings show that the 1.5 core-shell ratio gives the
highest encapsulation efficiency and core content. Although the la-
tent heat is reduced by 30.45% after applying microcapsules on
PVC film, the thermal stability is largely improved. This thermal
stability can be ensured in Fig. 92 where the area within red
dashed circles corresponding to leakage on the surface is found be-
fore applying to PVC.
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Fig. 90. The SEM comparison images of uniform and not uniform particle size dis-
tribution [177].

Zhao et al. [179] conducted a series of encapsulation processes
with 28#paraffin (industrial paraffin) as a core material, a hybrid
shell of crosslinked polystyrene (CLPS) and modified nano SiO2
(MS). The reason why they employed these inorganic nanoparti-
cles is that they would improve the mechanical properties, ther-
mal reliability, and reduce the surface tension of the water, thus,
boosting the emulsification process. The nanoparticles used in this
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case are modified by triethoxyoctylsilane (TTCS), changing their
hydrophilicity, which has great effects on the morphology. As
Fig. 93 below shows, the pre-emulsions formed have phase sep-
aration in varying extents, except the MS-2 pre-emulsion with its
contact angle of 53 °. The SEM images (Fig. 94) confirms the find-
ing above, where microcapsules (b, d, e) made from MS-2 pre-
emulsion are well-dispersed with comparable size, despite some
small pits caused by a volume change after the PCMs solidifi-
cation. Plus, energy dispersive X-Ray spectroscopy (EDX) (f) en-
sures C, O, Si atoms are present. After several experiments, the
4.2% graft ratio of the nanoparticle is the most suitable for pro-
viding the highest paraffin content, latent heat, and encapsulation
efficiency.

Wang et al. [180] fabricated the microcapsules containing a 1-
tetradecanol (TDA) core and PMMA shell with the help of a natural
biopolymer (lignin) as the emulsion stabilizer, and pentaerythritol
tetraacrylate (PETRA) as the crosslinking agent. Fig. 95 is the fabri-
cation process. There are two key factors, core monomer ratio and
crosslinking agent dosage, that influence the morphology and la-
tent heat. By looking at the formulation and SEM images (Figs. 96
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Fig. 94. The SEM images of microcapsules made from MS-1 (a), MS-2 with different
magnifications of 10 pm (b), 5 pm (d), 2 pm (e), and MS-3 (c); and EDX map of
microcapsules made from MS-2 [179].

and 97), the effects of changing the dosage of crosslinking agent on
morphology can be seen from S1 to S4 where the particle size be-
comes smaller with an increase in PETRA. As for the consequence
of changing the core-monomer ratio, the images of S2 and S5 tell
us that the surface tends to be smoother with an increase in ra-
tio. Comprehensively, the PETRA-monomer ratio of 1:10 and core-
monomer ratio of 2:1 is the optimal condition for the best thermal
performance and morphology.

Sahan and Paksoy [181] firstly encapsulated behenic acid (BA)
as the core with four kinds of shells, PMMA and its three copoly-
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Fig. 96. The formulation of different microcapsule [180].

mers with GMA, 2-hydroxyethyl acrylate (HEA) and 2- hydrox-
yethylmethyl acrylate (HEMA). They aimed to select the most suit-
able shell by various characterization techniques; the process and
reaction are given in Fig. 98. SEM images are shown in Fig. 99, and
all types of microcapsules have a regular spherical shape with a
narrow size range below 500 nm. However, microcapsules made
from HEMA have a higher thermal stability, latent heat, and core
content.

Zhou et al. [182] synthesized microcapsules that could absorb
UV radiation by incorporating TiO, within the polyacrylate shell.
They found that, when the nanoparticle content, monomer con-
version and thermal conductivity increases, and particle size and
its distribution decreased when the content is below 0.2 wt%. Fur-
thermore, they applied these nanocapsules to textiles. Not only
can it enhance the enthalpy (see Fig. 100), but also exhibit gentle
temperature change meaning smaller temperature fluctuation (see
Fig. 101).
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Fig. 95. The fabrication processes [180].
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Fig. 97. The SEM images of microcapsule with different formulations [180].
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Fig. 98. The chemical reaction of shell and process of microcapsules [181].

Fig. 99. The SEM images of microcapsule with different shell material, (a) PMMA, (b) P(MMA-co-GMA), (c) P(MMA-co-HEA), (d) P(MMA-co-HEMA), 10 K (left) and 50 K
(right) magnification [181].
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Currently, Li and Yuan [183] have achieved exceptionally high
encapsulation efficiency of 99.6% by a combination of emulsion
and suspension polymerization (Fig. 102). Moreover, the micro-
capsules have a double shell (polyacrylate and silica). They inves-
tigated the morphology by tuning the Janus silica particles and
monomers, finding that the suitable core/inner shell/ourter shell
is 70:21:1. In terms of thermal stability and reliability, double-shell
microcapsules can withdraw temperature up to 150°C and have an
unchanged latent heat after 7560 thermal cycles. Fig. 103 indicate
that the appearance of the microcapsules are nearly unchanged.

Table 10 shows previous progress by using emulsion polymer-
ization for encapsulation.

3.4. Physical and chemical combined encapsulation methods

3.4.1. lonic gelation
The pharmaceutical and food industry commonly use the ionic
gelation method to deliver drugs and synthesize nanoparticles

Fig. 101. Thermal images of (a) heating and (b) cooling process of nanocapsules (left) with and (right) without nanoparticles [182].

30 um

Y30 im

Fig. 103. The SEM images of morphology a) before cycling and b) after 7560 thermal cycles..
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Table 10
The properties of encapsulated capsules using emulsion polymerisation.
Refs. Core material Shell material Particle size Thermal cycling  Encapsulation Heat of Other properties of microcapsules
(um) (cycles) efficiency (%) fusion (J/g)
[172]  N-octacosane PMMA 0.25 5000 - 86.4 e Melting temperature: 50.6°C
e Freezing temperature: 53.2°C
e Good chemical stability
e Narrow particle size distribution
e Smooth and compact surface
e Core content: 43 wt%
e Two-step degradation

[173]  N-heptadecane PMMA 0.26 5000 N 81.5 e Smooth and compact surface
e Melting point: 18.2°C
e Freezing point: 18.4°C
e Core content: 38 wt%
e Three-step degradation
[174]  N-hexadecane Poly(butyl 0.47-4.5 - - 120.16 e Melting point: 17°C
acrylate) (PBA) e Freezing point: 15°C
e Core content: 50.69
[175]  Paraffin PMMA 1: 2.97; 5000 - 169 e Melting point: 26-30°C
eutectic 2: 2.36; e Rough surface
mixtures: 3: 6.42; e Cluster
1: Ci7-Cogs 4: 1.16 e Thermal conductivity: 0.19-0.20 W/m K
2: Ci9-Cys;
3: Ci9-Caa;
4: Cp0-Cyq
[176]  Paraffin wax P(MMA-co-MA) ~1 - - 105.50 e Highest thermal conductivity:
incorporated 0.3816 W/m K (0.2442 W/m K for
with alumina unmodified shell)
nanoparticles e Smooth surface
e Good microcapsule distribution and
dispersity at optimal nanoparticle
dosage
e Core content: 61.2%
[177]  Paraffin wax Polyurethane 0.205-0.260 100 - 7.83 e Melting point: 32.57°C
shell e Freezing point: 65.67°C
e Uniform and narrow particle size
distribution
e Homogeneous melting
e Good high-temperature resistance
[178]  1-dodecanol p(Styco-BA-co- 16.9-41.3 30 93.5 132 e Core content: 69.89%
DVB) e Optimal core-shell ratio: 1.5
[179]  284#paraffin Crosslinked 1-5 500 95.15 86.35 e Optimal nanoparticle ratio: 4.2%
polystyrene e Core content:54.37%
(CLPS) and e Melting point: 28.20°C
modified nano e [rrigation shape with the narrow
Si0, (MS) particle size distribution
hybrids
[180] TDA PMMA 2-20 200 97.4 190 e Core content: 81.4%

e Melting point: 43.48
e Optimal core-monomer ratio: 2:1

[181] BA Poly(MMA-co- 0.1-0.477 - - 58 e Uniform spherical shape with a smooth
2-HEA) surface
e Core content: 25%
e Degradation temperature: 335°C
e Melting point: 69-79°C

[182]  N-octadecane Titanium dioxide ~ 0.07-0.1 - 61.54 62.85 e Melting and freezing point: 26.49 and
and n-butyl reinforced 22.86 °C
stearate polyacrylate e Spherical shape with well-defined
eutectics core-shell structure

e Ultraviolet (UV) absorption
e Gentle temperature change

[183]  N-Octadecane Silica and 15 7560 99.6 175.1 e Melting point: 30.1°C

polyacralate e Freezing point: 22.2°C
e Exceptional thermal reliability
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[184]. However, it is rarely applied in the thermal energy storage
field for the encapsulation of PCMs. In this process, the core ma-
terial is dissolved in a suitable solvent, followed by the addition of
a polyelectrolyte solution to form the emulsion, under a suitable
stirring rate. Then, the hydrogels from the ionic gelation process
are obtained when the emulsion is added to a solution contain-
ing multivalent cations, like Ca?+, Ba%*, and AI3* [185]. Finally, the
consolidation through the heat post-treatment is needed to solid-
ify obtained capsules. The process has illustrated in Fig. 104 based
on the description of the previous work [96]. The most used poly-
electrolyte is alginate which can be crosslinked. The consequence
of gelation is the formation of CaAlg, which occurs when alginate
encounters Ca%+ [186].

Németh et al. [187] used ionic gelation in recent years to en-
capsulate paraffin within a non-porous double shell. As the pro-
cess and the mechanism of the shell formation in Fig. 105 show,
initially, the sonicator is used to mix the oil phase (melted paraf-
fin) and aqueous phase (sodium alginate).

Then, the emulsion formed is added to a CaCl, solution, drop
by drop, with a slow stirring rate, where the droplets are approx-
imately uniform. To provide an environment of excess CaCl, on
the surface, the particles are transformed to another CaCl, solu-
tion with various concentrations. The core particles with abun-
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dant CaCl, surface concentration are transferred to a sodium algi-
nate solution with the same gradient concentration as the previous
step, where not only the calcium-alginate shell is formed but the
sodium alginate excess on the shell surface is ready for the next
layer of shell formation. The second crosslinked layer of the shell
is obtained after the raw capsules are withdrawn to the CaCl, solu-
tion with the same gradient concentration. The heat treatment il-
lustration is not given in this research. However, according to their
description, it has been drawn in Fig. 106, where the raw capsules
are placed on a hot plate followed by the continuous rolling move-
ment to consolidate capsules and evaporate the water. According
to this fabrication process, they found three factors that could in-
fluence particle size. The increase in soaking time and sodium al-
ginate concentration results in a reduction in particle size, unless
they exceed the 8 min and 8 wt¥%, respectively. The size is propor-
tional to calcium chloride concentration until a plateau shows at
high concentration.

Similar to the previous research, Miloudi and Zerrouki [188] de-
signed a fabrication device of microcapsules named microfluidic
coaxial device in Fig. 107. The melted glycerid wax core material
is pumped into the inner container, whereas the sodium alginate
(shell material) solution, containing sodium silicate (Na,SiO3) and
sodium carbonate (Na,COs) as reinforcement components, is added
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Fig. 107. The fabrication device [188].

into the outer container by a syringe pump. Under a programmed
flow rate, mixture droplets are surrounded by calcium chloride,
the crosslinking agent, in a gelling bath to form simple capsules.
Then, by transferring them to other calcium chloride solutions with
higher concentrations for a longer time, raw capsules are formed.
To incorporate the enhancement agents, raw capsules are trans-
ferred to their continuous solution for a short time. Before the fi-
nal products are obtained, the same heat treatment as the previ-
ous research is needed. According to results from characterization,
the shell consists of the double-shell (Alg-Ca, Alg-CaSiO3, and Alg-
CaSiO3) and hybrid shell (Alg-CaSiO3/Alg-CaCO3). They conclude
that the incorporation of highly compatible and stable inorganic
components, such as carbonate and silicate, have positive effects
on the reliability and mechanical properties.

Key works using ionic gelation for encapsulation are summa-
rized in Table 11.

3.4.2. Coacervation

Coacervation is a method where the separation of two liquid
phases occurs by an electrostatic, hydrophilic hydrogen bonding in-
teraction between two polymers in the aqueous phase, after ad-
justments are made to the pH, temperature, ionic strength, etc.
[96]. These interactions are affected by the biopolymer with dif-
ferent molecular weights, pH, ionic strength etc. [189]. The coacer-
vation is divided into simple and complex, where they follow the
same mechanism of microcapsule formation, but different phase

Table 11
The properties of encapsulated capsules using ionic gelation.
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separation based on different polymer systems. The mechanism of
phase separation for complex coacervation follows the complex-
ation between the opposite charged proteins or polyelectrolytes,
whereas the phase separation for simple coacervation is achieved
with the help of desolvation agents. Speaking of particle size, com-
plex coacervation results in smaller particles. The fabrication pro-
cess is shown in Fig. 108. Initially, the prepared oil phase contain-
ing PCM and aqueous phase containing polymer are mixed to form
an emulsion. By adding salt and another polymer, followed by ad-
justment of the pH and temperature, the shell material is gathered
on the core particle surface. The crosslinking process then proceeds
by addition of the crosslinking agent, heat treatment or desolva-
tion, to form stable microcapsules.

Hawlader et al. [190] initially applied coacervation to encap-
sulate paraffin within acacia and gelatine gum, and investigated
the factors that influence the encapsulation efficiency, latent heat,
and hydrophilicity of capsules so that the optimal fabrication pro-
cess was attained. Here the crosslinking agent they selected is
formaldehyde (HCHO). They found the hydrophilicity increases by
lowering the core-shell ratio and amount of HCHO used, and the
encapsulation efficiency is improved while decreasing the core-
shell ratio, meaning the more shell material used, the better cap-
sule is sealed. Thus, the most suitable emulsion time and crosslink-
ing agent amount added is 10 min and 6-8 ml, respectively.
With the same leading author, Hawlader et al. [113] combined
this method and traditional spray drying together to prepare a
paraffin-wax microcapsule encapsulated in the same shell, where
the main results have been discussed in the spray drying section
before.

Onder et al. [191] fabricated three kinds of microcapsules in
the same shell of acacia and gelatine gum: n-hexadecane, n-
octadecane and n-nonadecane, and studied their thermal perfor-
mance. Unlike other research using repeated thermal cycling, they
evaluated the leakage by applying centrifugal shear force plus a
fabric surface staining check, and the test result showed that the
obtained microcapsule is robust enough, without leakage prob-
lems. According to DSC data, the latent heat of the n-hexadecane
microcapsule (165.8 J/g) is slightly higher than that of the n-
octadecane microcapsule (144.7 ]/g), approximately corresponding
to three times n-nonadecane microcapsule (57.5 J/g).

Deveci and Basal [192] explored other shell materials by using
complex coacervation. In this case, a silk fibroin (SF) and chitosan
(CHI) shell is chosen to seal the n-Eicosane (ES) core. The effects
of polymer ratio, the amount of crosslinking agent and core con-
tent on the thermal properties and morphology of the microcap-
sule are studied. The morphology of the microcapsule varies with
the SF-CHI ratios; when the ratio is close to 5, a smooth monolayer
is formed (Fig. 109 b). As the ratio increases beyond 14, this mor-
phology then is transformed to double-layer morphology where
the inner layer is dense and compact, and the outer layer is porous
(Fig. 109 c). Supportively, SEM images (Fig. 110) show the obtained
microcapsules at different magnification. The smooth inner layer

Refs.  Core material Shell material Particle size Thermal cycling Encapsulation Heat of Other properties of microcapsules
(um) (cycles) efficiency (%) fusion (J/g)
[187] Paraffin Double 2160 1000 - 95.5 e Core content: 48%
calcium-alginate shell e Air content: 38.7%
e Spherical shape with a smooth surface
e Shell thickness: 40 pm
[188] Glycerid wax Sodium silicate and In Millimetre 100 - - e Shell thickness: 35 pm
sodium carbonate (can be seen e Good reliability
modified with naked e Good mechanical properties
calcium-alginate shell eyes)
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Fig. 108. The process of coacervation.

(a) (b) ©

Fig. 109. The structure schematic of (a) ES droplet, (b) SF/CH coacervate monolayer,
and (c) SF (excess in the outer layer)/CH bilayer [192].

is exposed when microcapsules are cracked Fig. 110 ¢), and the
outer SF layer is more porous and homogeneous (Fig. 110 b). To
achieve the highest microcapsule efficiency, the optimal condition

is obtained with the SF-CHI ratio of 20, the content of crosslinking
agent of 0.9% and core content of 1.5%. The properties of these mi-
crocapsules has been further discussed in following research [193],
where they had pointed out that it is necessary to study the me-
chanical properties and durability while applying them on textiles.

Demirbag et al. [194] integrated clay nanoparticles into micro-
capsules composed of ES as the core and acacia/gelatine as the
conventional shell. The thermal stability and capability of flame re-
tardation were investigated. Findings illustrated that the incorpora-
tion of clay nanoparticles largely increase the thermal stability and
comfort in cotton fabrics, with an average ignition time of 2.4 s,
extended to 3.6 s.

Differing from other research using conventional paraffin as the
core, Huo et al. [13] used CHI alone as the shell to seal a side-

Fig. 110. SEM images of microcapsules at magnification of (a) 1000, (b) 1500, (c, cracked) 1200, (d, e, cracked) 1500, (f, cracked) 2000 [192].
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Fig. 111. The structure of core polymer (a) and fabrication process (b) of microcap-
sules [13].

chain crystallizable comb-like polymer, poly (octadecyl acrylate)
(POA), as the core material; the structure of this polymer and fab-
rication process is given in Fig. 111. They found that the most
suitable core-shell ratio was 1:2, and the formation of microcap-

International Journal of Heat and Mass Transfer 200 (2023) 123458

sules increase the zeta-potential compared with that of emulsion,
meaning that it is more favourable and stable to form microcap-
sules. According to the morphology study in Fig. 112, some wrin-
kles appear on the surface of spherical microcapsules, and some
particles are sticking together (particles of CHI aggregation and
prepared microcapsules). After detaching, the microcapsules ex-
hibits a hollow core-shell structure. Due to their eco-friendly na-
ture, the authors suggested it is promising to apply it in medical
treatments.

Roy et al. [195] focused on the various process parameters
while synthesizing n-hexadecane microcapsules sealed by chitosan
(CH) and type-B gelatine (GB) shell materials. The parameters, like
homogenization time, CH-GB ratio and polymer concentration have
great effects on the mean diameter and its distribution, shell thick-
ness, etc. They found that as they increase the homogenization
time, polymer concentration and CH-GB ratio, the mean diameter
and distribution is reduced. It can be validated in Fig. 113, where
the smallest emulsion droplets, dispersed ideally, can be observed
at the bottom left image. Besides, if the core-shell ratio is lower,
higher encapsulation efficiency can be obtained.

Wu et al. [196] developed colour-visualized microcapsules,
named reversible thermochromic MicroPCMs, resulting from colour
former and developer chemicals. The promising application is an
intelligent adjustment-based garment for thermoregulation and
temperature management [197]. The core and shell materials they
used were 1-hexadecanol and modified gelatine and gum arabic.
The fabrication process is depicted in Fig. 114, where DVB and GLA
are used as crosslinkers. As Fig. 115 shows, the colour-changing

Fig. 112. The SEM images of microcapsules, before (a) and after (b, c) rupture [13].
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Fig. 113. The emulsion droplet size distribution varied with stirring time and core-shell ratio (RSC) [195].
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Core materials: 2-Phenylamino-3-methyl-6-di-n-butylamino-fluoran,

2,2-bis(4-hydroxyphenyl) propane, 1-hexadecanol

Emulsifiers: Tween 20 + Span 80

Fig. 114. The fabrication process of microcapsules [196].

mechanism of microcapsules is achieved by the reaction of the
colour former and developer. The obtained sample is milky white
with light pink at 60°C. As the temperature decreases to 15°C,
the core material solidifies boosting interaction between the colour
former and developer, and the ring-opening reaction of the colour
former, which generates black colour. On the contrary, if the sam-
ple is heated to 60°C, the colour former and developer tends to
be dissolved in the co-solvent leading to a ring-closing reaction. In
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this case, the ratio of colour former, developer, and core material
is 1:2:20.

Considering the encapsulation of fatty acids, Konuklu et al.
[198] successfully prepared the microcapsules containing caprylic
and decanoic acid (DA) as core and chitosan-gelatine as the shell.
The morphology of microcapsules containing different fatty acids
is shown in Fig. 116. Although a continuous wall with no sur-
face cracks can be seen, the shape is irregular due to the nat-
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Fig. 117. The process/mechanism of microcapsules with oxalic acid dihydrate/boric acid as core and EC/ABS as shell.

ural materials used. Conversely, they had studied encapsulation
with MF shell leading to regular and spherical shape [199], which
gave the information that it is more difficult for the natural shell
to control the morphology compared with using the inorganic
shell.

Recently, eutectic PCMs composed of oxalic acid dihydrate/boric
acid were encapsulated by ethyl cellulose (EC) and an acrylonitrile-
butadinene-styrene (ABS) hybrid shell with the help of poly-
dimethylsiloxane using coacervation (Fig. 117). This research is
contributed by Ma et al. [200], and they claimed the suitable
EC:ABS:PCMs ratio is 1:1:2 to give optimal performance.

Table 12 shows previous progress by using Coacervation for en-
capsulation.
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3.4.3. Sol-gel method

The sol-gel method involves the combination of solution and
gelation, and it also can be called a polycondensation reaction.
The shell precursor exists as the stable colloidal dispersion in the
aqueous phase followed by the gel formation (an oxide network)
where dispersion particles aggregate together by different interac-
tions, such as electrostatic interaction, van der Waals forces, hydro-
gen bonds, covalent bonds [51,170,201]. To be more specific, the
shell precursor, catalyst, complexing agent, surfactants are initially
dissolved in a solvent, followed by stirring to form a stable disper-
sion resulting from the hydrolysis reaction of the precursor [202].
After oil-in-water emulsion the core material is added under de-
sired conditions, gel walls are formed surrounding PCM droplets.
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The properties of encapsulated capsules using complex coacervation.
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Refs. Core material Shell material Particle size Thermal cycling Encapsulation Heat of Other properties of microcapsules
(um) (cycles) efficiency (%) fusion (J/g)
[190] Paraffin Acacia and 2833 2000 - 90
gelatine
[191] N-hexadecane  Acacia and - - - 165.8 e Resistance to high shear centrifugation
n-octadecane gelatine and compression.
n-nonadecane e Higher heat absorption
[192,193] ES Silk fibroin and 23 - 72 93.04 e Can form monolayer or bilayer
CHI e Inner layer: thin, dense, and smooth
e Quter layer: thick, porous
e Core content: 45.7 wt%
[194] ES Acacia and 1.37-1.6 - - 114 e Core content: 41.47
gelatine doped e Excellent thermal stability and flame
with clay retardation
nanoparticles e Spherical shape
[13] POA CHI 1.47 - 68.99 129.9 e Shell thickness: 20 nm
e High-temperature resistance
e Roughly spherical shape
e core-shell ratio: 1:2
[195] N-hexadecane CHI and type-B 0.1-4.0 - 96.7 115.0 e The most suitable shell materials ratio:
gelatine 1:5
[196] 1-hexadecanol Modified gelatine 7-10 100 85 72 e Good thermal and colour reliability
and gum arabic e Colour-visualized phase change
[198] Caprylic acid Chitosan and 0.22 400 - 79 e Core content: 50.58%
decanoic acid gelatine 1.06 73 e Both with irregular shape
[200] Oxalic acid EC/ABS 76.27 100 51.9 178.4 e Hybrid shell
dihydrate/boric e Melting point: 77.9°C
acid e Quasi-spherical shape
Oil-in-water condensation gelation 0,0
silica emulsion — - — ggg"
Isolated
Gel microcapsules

—E-

Fig. 118. The process of the sol-gel method.
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Fig. 119. The formation process of silica shell (a) and the different interfacial interaction [202].

Fig. 118 shows the process of the sol-gel method mentioned just
above.

Wang et al. [202] are the first group that employed the
silica microspheres as the inorganic shell by using the sol-gel
method (Fig. 119). In their research, the emulsifiers used are the
key to achieving successful small particle encapsulation. Acidic
solutions achieved by adding cationic surfactants facilitate the
electrostatic interactions between positively charged surfactant,
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halide ion, and positively charged silica. Based on the acidic
conditions and emulsifiers, the pH and type of ionic surfactant
are investigated. After they examined several experiments us-
ing different surfactants, cetyltrimethylammonium chloride (CT-
MAC), Dodecyltrimethyl-ammonium chloride (DTMAC) and Dode-
cyltrimethylammonium bromide (DTMAB) can successfully encap-
sulate the PCM through the formation of a silica shell, compared
with unsuccessful synthesis using common surfactants like SDS
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Fig. 120. The mechanism of silica shell formation [203].

Fig. 121. The morphology of microcapsules derived from different core-shell ratio and pH; (a, b) 70/30 and 2.26, (c, d) 70/30 and 2.45, (e, f) 60/40 and 2.45, (g) 50/50 and

2.45, (h) 70/30 and 2.89 [203].

and SDBS under the same condition. Thus, the most suitable pH
value obtained is -0.16. As Fig. 119 shown, the STX~I* interaction
(b1) is preferred to form the silica shell.

Since the silica shell had been used for enhancement of thermal
conductivity, Zhang et al. [203] made another attempt to encapsu-
late n-octadecane, and the mechanism of shell formation is shown
in Fig. 120 where the TEOS is used as silica precursor. They pre-
pared several samples with different core-shell ratios and pH val-
ues. Their morphologies are shown in Fig. 121. A rough and thin
shell that is easily cracked by force can be observed due to the
slow condensation rate depositing a small amount of silica on the
surface under a pH of 2.26 (Fig. 121 a, b). However, with the pH
increase to 2.45, a compact and smooth surface can be obtained
(Fig. 121 c-f) where the condensation rate matches the aggregation
rate of silica. The higher the pH, the thicker the shell is (Fig. 121
g, h), whereas pH should not be more than 3 or less than 2 due to
the much higher aggregation rate of silica failing to wrap the core
particles.

Unlike previous research using TEOS as the silica precursor,
Fang et al. [29] applied tetraethyl silicate to generate silica shell
encapsulating paraffin with fusion heat of 189.24 ]/g. they pro-
vided three kinds of microcapsule morphologies with different
core contents and concluded that the inhomogeneous morphol-
ogy is formed if the PCM dosage is not sufficient due to silica
self-aggregation (see Fig. 122 a, b). The resultant microcapsules ex-
hibit excellent thermal stability owing to paraffin-silica synergy for
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which carbonaceous-silicate charred layer are build up on the sur-
face limiting the transfer of heat and flammable molecules.

Tahan Latibari et al. [204] is the first group to conduct the
sol-gel method under a high pH value of 11, 11.5 and 12. the
core and shell materials they used are PA and silica. The particle
size distributions of macrocapsules successfully lowered to nano-
range. Higher pH results in larger particle size (see Fig. 123). For
the latent heat and enhancement of thermal conductivity, micro-
capsules obtained under a pH of 12 have the highest value. The
thermal conductivity is enhanced by roughly 2 times that of pure
PA.

Similarly, Luan et al. [205] studied the effect of an acid and al-
kali reaction system on the microcapsule in the sol-gel method.
They found a significant reduction in the particle size and the la-
tent heat in the alkali system compared with that in the acid sys-
tem.

He et al. [206] further had explored the new silica precursor,
sodium silicate. They again confirmed the mechanism of shell for-
mation driven by the balance between self-assembly and the con-
densation rate of precursors. The excellent thermal performance,
desired morphology, and high encapsulation efficiency can be ob-
tained if the core-shell ratio and pH value is 3:2 and in the range
of 2.95-3.05, respectively.

Chai et al. [207] firstly achieved the preparation of microcap-
sules via titanium dioxide shell. The resultant bifunctional micro-
capsules that came from the photocatalysis of titanium dioxide
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Fig. 122. SEM images of microcapsules with different core-shell ratio, (a) 10:20, (b) 15:20, (c) 20:20 [29].

are synthesized by the sol-gel method (see Fig. 124), and they
found that during the fabrication process the fluorinions help the
transition from amorphous to brookie-form crystal structure wrap-
ping around core particles. The core-shell ratio of 3:2 gives the
best thermal performance in this research. For the photocataly-
sis effect, they designed an experiment where methylene blue is
added to a solution containing prepared microcapsules, and the re-
sult shows that the degradation reaction of methylene blue takes
place by photocatalysis of titanium dioxide at different finite UV
exposure times (see Fig. 125). The colour is changed from blue
to colourless. The good antimicrobial function can be vividly ob-
served by applying UV light to an incubator containing microcap-
sules and Escherichia coli at different radiation times. With the ra-
diation time, the number of living Escherichia coli decreases, espe-
cially after 105 min (see Fig. 126 d).

Mo et al. [208] used silica to encapsulate inorganic PCM,
ternary carbonates (lithium carbonate, sodium carbonate, potas-
sium carbonate), and investigate the differences of obtained mi-
crocapsules produced with and without heating. Fig. 127 illustrates
the two fabrication processes of carbonates/silica microcapsules.
They found that the supercooling degree of unheated microcap-
sules (G-LiNaK-Si) is up to 22.2°C due to insufficient nucleation
sites generated, while this is decreased by 43.7% for HG- LiNaK-
Si. Thus, they clearly explained heat treatment affecting positively
the thermal performance of this kind of microcapsule.

Srinivasaraonaik et al. [209] combined the stearic acid (SA) and
capric acid (CA) (75:25) as core materials wrapped by the silica
shell by using the sol-gel method. They compared the thermal con-
ductivity, specific heat, and mechanical properties between micro-
capsules with MF and silica as shells, then incorporated to cement
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paste. The result shows that the mechanical strength and thermal
conductivity of cement paste containing microcapsules with silica
shell are improved by 10%, 9% than that of containing MF shell.
Lee et al. [210] achieved successful encapsulation without us-
ing surfactant as the stabilizer. Fig. 128 shows a simple fabrica-
tion process. The most important stage is stage 2 where added
NaNOs acts as impurities for the heterogeneous nucleation, encour-
aging the polycondensation reaction. The obtained silica particles
are then aggregated on the surface of the core material to form
the shell. They investigated the effects of precursor concentration,
the amount of catalyst added, and synthesis time consumed. Find-
ings revealed that the concentration of precursor is not a dominat-
ing parameter, despite the small increase in condensation rate. Sec-
ondly, the catalyst concentration largely influences the shell forma-
tion, where more catalyst would promote the dense and rigid sil-
ica shell formation, thus the ratio of precursor and catalyst should
be considered during synthesis. Lastly, the duration of synthesis
should be prolonged if the precursor-catalyst ratio is large, other-
wise, broken and incomplete microcapsules might be obtained.
According to the research by Subramanian [211], aluminium iso-
propoxide was used to generate alumina as the shell encapsulating
the MA core. The process is like previous research using silica (see
Fig. 129). They designed three kinds of microcapsules derived from
the core-shell ratio of 1:1, 1:0.75, and 1:0.5. The results show that
the ratio of 1:1 is preferred due to the best thermal performance.
Ishak et al. [212] encapsulated SA with a silica shell. They
investigated the most suitable core-shell ratio by adding 5, 10,
15, 20, 30, and 50 g core material into 10 ml of TEOS. Af-
ter the experiment, the combination of 50 g core material and
10 ml precursor is the most desired in terms of latent heat,
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Fig. 123. SEM images of microcapsules and their particle diameter size distribution derived under the pH of 11 (a, d), 11.5 (b, e), and 12 (c, f) [204].
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Fig. 125. The discolouration behaviour of solution containing methylene blue and obtained microcapsules at different UV-exposure times [207].

Fig. 126. The antimicrobial experiment at different UV radiation time; (a) 0 min,
(b) 45 min, (c)75 min, (d) 105 min [207].

encapsulation efficiency, thermal stability, due to inhibition of
aggregations.

Subramanian and Appukuttan [213] provided another shell op-
tion, strontium titanate, to encapsulate MA. They found that the
increase in surface area negatively effects the microencapsulation
ratio, and the most suitable MA/SrTiO3 ratio is 1:2. The leakage
test is shown in Fig. 130, where obtained microcapsules remain
unchanged without any leakage after 16 min at 70°C, whereas the

bulk MA turns into liquid, indicating that the resultant microcap-
sules have good thermal endurance.

Hussain et al. [214] improved another function, electrical en-
ergy storage (for electronic chip applications), by coating chips
with nanocapsules consisting of OA-polyethene glycol eutectic core
and SiO,/Sn0O, shell. Apart from the excellent electronic conductiv-
ity (1.08 x 10-7 S/cm), they also conducted the measurement of
mechanical properties (see Fig. 131). After incorporation of SnO,,
the hardness, elastic modulus, and resistance to plastic deforma-
tion are significantly enhanced.

Ishak et al. [215] optimized parameters for production of lau-
ric acid (LA)/silicon dioxide microcapsules. The pH is controlled at
2.5. The core and shell mixture conditions are 800 rpm and 65°C
for 6 h. The ratio of shell precursor TEOS and LA should be 1:5,
otherwise aggregation appears.

Generally speaking, sol-gel method is mainly used for organic
PCMs encapsulation. However, Milian and Ushak [216] empow-
ered this method to encapsulate inorganic PCMs but using ethanol
and only TEOS as precursor. During this study, they employed dif-
ferent monomer and solvent. The different monomers used af-
fect the visible physical forms, morphology, crystallinity and ther-
mal properties. Particularly, the Trimethoxy (2-phenylethyl) silane
monomer has a positive impact on cyclic stability. For changing the
solvent, there is significant change in stored heat, though phys-
ical difference is slight. Also, they found that the solvent polar-
ity is crucial where the more PCMs can dissolved in solvent, the
better homogeneity within the silica shell, the less supercooling
engaged.

Cheng et al. [217] realized a hierarchical structure by Ni and
MXene film formation to encapsulate PEG with the help of the
sol-gel method. Interestingly, apart from high conventional thermal
properties, this material has the function of shielding electromag-
netic interference, which is important when used in electronic de-
vices.

G-LiNaK-S1

HG-LiNaK-Si

Fig. 127. The fabrication process with and without heating treatment [208].
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Fig. 129. The fabrication process of MA@AI203 microcapsules [211].

Some works using the sol-gel method for encapsulation devel-
oped by previous researchers are included in Table 13.

3.5. Comparison of encapsulation techniques

Although there are plenty of methods to achieve encapsula-
tion, researchers should be aware of the prerequisites for their
use, advantages and disadvantages, and which method could ef-
fectively meet the application requirements. In terms of physi-
cal methods, they are simple to conduct, energy-saving, low pro-
duction cost and ease of control due to the absence of compli-
cated chemical reactions, meaning that fabrication can be done at
scale [115,117]. Despite feasible production at the industry scale,

8 min

0 min 4 min

means the resistance to plastic deformation) [214].

the properties are lowered at their expense, with leakage occur-
ring sometimes, lower mechanical strength resulting from large
particle size and incomplete coating. Amongst the physical meth-
ods, only spray-drying and solvent evaporation are academically
worth noting for scholars, because it is feasible to combine them
with other methods for better performance [117]. As for chemical
methods, they have the potential to be used for mass production
owing to superior encapsulation efficiency, nano/micro-sized cap-
sule, and narrow particle size distribution. Nevertheless, the selec-
tion of the most suitable encapsulation method is crucial. For ex-
ample, although suspension polymerisation provides excellent en-
capsulation, not all monomers are water-soluble. Thus, the for-
mation mechanism of shells by monomers decides what chemi-
cal method is the most suitable. Given the limitations of physi-

12

min 16 min

Row (a)

Fig. 130. Photograph of obtained MA/SrTiO3 microcapsule (a) and MA for different heating times [213].
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Table 13

The properties of encapsulated capsules using the sol-gel method.
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Refs.

Core material

Shell material

Particle size
(nm)

Thermal cycling

(cycles)

Encapsulation
efficiency (%)

Heat of Other properties of microcapsules
fusion (J/g)

[202]

[203]

[29]

[204]

[206]

[207]

[208]

[209]

[210]

[211]

[212]

[213]

[214]

[215]

[216]

[217]

N-pentadecane

N-octadecane

Paraffin

PA

N-octadecane

ES

Ternary
carbonates

Binary mixture
of SA+ CA

NaNO3

MA

SA

MA

Eutectics of OA
and PEG

Lauric acid

LiNO5

PEG

Silica

Silica

Silica

Silica

Silica

Titanium dioxide

Silica

Silica

Silica

Alumina

Silica

Strontium
titanate

Si0,/Sn0,

Silicon dioxide

Silicon dioxide

MXene/Ni

4-8

7-16

0.18-0.72

1.5-2

~3

6.03

10-20

5-10

0.53-0.61

160

2500

100

100

50

1000

50

500

30

500

1000

30

50

50

86.40

87.50

89.55

41.83

77.97

84.8

71

94.0

92

86.68

46

51.58

96.5

46.4 e Core content: 29.8%
e Spherical shape

184.9 o Spherical shape with smooth and

compact surface

e Core maintain good crystallinity

e Good thermal stability: two-step
degradation

e Good anti-osmosis property

e Good thermal conductivity:
0.6213 W/mK

e Core content: 69.5 wt.%

e Melting point: 27.1°C

165.68 o Fire resistance
e Freezing point: 58.27°C
e Melting point: 58.37°C

180.91 e Melting point: 61.6°C
e Freezing point: 57.08°C
e Thermal conductivity: 0.47-0.49 W/mK

87.46 e Thermal conductivity: 0.891 W/mK
e Melting and freezing point: 27.96 and
23.72°C

1525 e Melting and freezing point: 42.73 and
36.29°C
e Thermal conductivity: 0.749
e Antimicrobial function to Gram-negative
bacteria

192.2 e Melting and freezing point: 397.8 and
385.3°C
e No leakage and chemical decomposition
86.5 Melting point: 34.8°C
Shell thickness: 0.12 um
Thermal conductivity: 0.47 W/mK
Smooth and regular shape

168.6

Improved high-temperature resistance
e Shell thickness: 180 nm

150 e Spherical shape with smooth and
compact surface
e Good thermal endurance due to
alumina shell

182.53 e Good thermal stability
e Melting and freezing point: 70.37 and
64.27°C

91.90 e Melting point: 53.41°C
e Good thermal endurance

58.79 e Thermal conductivity: 0.7053 W/mK
e Electronic conductivity: 1.08 x 1077
S/cm
e Exceptional mechanical properties: yield
load of 89.65 pN and hardness of 4.7
GPa

152.82 e Melting point: 44.30°C
e Freezing point: 38.01°C

202 e Core content: 70%
e Melting point: 153°C

1543 e Thermal conductivity: 0.47 W m~! K-
e electromagnetic interference
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Table 15

the advantages and disadvantages of each encapsulation method along with some limitations.

Table 14

International Journal of Heat and Mass Transfer 200 (2023) 123458

The summary of particle size and encapsulation efficiency from the aforementioned research by using

different encapsulation methods.

Particle size Encapsulation

Categories Methods (um) efficiency (%)
Physical Spray-drying 0.1-11.5 63-91.98

Solvent evaporation 3-159 57.7-97.6

Pan-coating - -

Air-suspension - -

Centrifugal extrusion - -
Physio-chemical Ionic gelation Macro -

Complex coacervation 0.1-2833 68.99-96.7

Sol-gel method 0.18-20 41.83-94
Chemical In-situ 0.1-65 52-83

Interfacial 1-400 73-95

Suspension 4-620 70.5-96.3

Emulsion 0.1-41.3 93.5-97.4

Methods

Advantages

Disadvantages and limitations

Physical [127,170,218,219]
Spray-drying

Solvent evaporation

Pan-coating
Air-suspension
Centrifugal extrusion

Physio-chemical [170,185,219]
Ionic gelation

Complex coacervation

Sol-gel method

Chemical [222]
in-situ

Interfacial

Suspension

Emulsion

Can enhance thermal conductivity by adding carbon
nanotube in feed stream [220]

Flexible (easy to combine with other methods) [117]
Can scale-up

Widely available equipment

Smaller capsules within micrometre

Organic and inorganic shell is feasible

Easy to conduct

Low cost

Smaller capsules within micrometre

Easy to conduct

Low-cost equipment

Easy to conduct

Higher production volume

Easy to conduct

Suitable for bio-encapsulation

Suitable for thermal conductivity enhancement
Simple
Low cost

Versatile

Can produce particles within the nanometre
Easy to control particles size

Low cost

High thermal conductivity shell produced
Can produce particles within the nanometre
mild condition

Flexible

Organic and inorganic shells are feasible

The organic and inorganic core can be encapsulated
Give rise to large encapsulation efficiency, core content
High reaction speed

Low permeability

Good heat control

More kinds of shells (copolymer, organic and inorganic
hybrid)

Used for obtained nanocapsules

More kinds of shells (copolymer, organic and inorganic
hybrid)

Difficult to control

Agglomeration occurring in drying chamber [115]

High temperature needed

Remaining leakage due to small portion of uncoated particles
Only used for encapsulation of organic PCMs

Difficult to scale up
Volatile

Difficult to control

Hard to isolate capsules
Difficult to control
Particle agglomeration
High temperature needed

Only suitable for the inorganic shell, like silica or titanium
oxide

The high temperature for heat treatment

High shell permeability

Agglomeration

Difficult to scale up

Hardening agent needed

Use a large amount of consumption of other solvents [221]
pH is needed to be very low

formation of continuous gel if the stirring rate or adding rate
is not suitable

Expensive shell precursors

Might produce harmful substances for the environment [223]

Might produce harmful substances for the environment [223]
Fewer kinds of shells available (usually PU)

The water-soluble monomer is not common

High cost due to high energy consumption while scale-up
Only used for organic PCMs

High cost due to high energy consumption while scale-up

cal and chemical methods,
mise but still needs further deep study especially for the sol-gel
method, for which an inorganic shell can be formed. Ionic gela-
tion complex coacervation can result in large particle size, but
the former is mainly used in drug delivery. Table 14 summarized
the particle size and encapsulation efficiency of collected papers
in previous sections, and Table 15 comprehensively summarized

the combination of them is a compro-

59

the advantages and disadvantages of each specific encapsulation
method.

Encapsulation efficiency is a crucial parameter that determines
the amount of PCMs encapsulated, and is visualized in Fig. 132.
The emulsion polymerisation is efficient (93.4%) and is a highly
feasible (smallest interval) technique to produce microcapsules,
compared to others. This is mainly because miniemulsion can be
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Emulsion

Suspension

Chemical

Interfacial
In-situ

Sol-gel method

Physio-
chemica

Complex coacervation

Solvent evaporation

Physical

Spray-drying

0 50
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50 70 BO 50 100

Encapsulation efficiency (%)

Fig. 132. The encapsulation efficiency comparison of different encapsulation techniques.

Table 16
The latent heat of different kinds of nanocapsules.

Encapsulations Nanocapsules

Latent heat (kJ/kg)

Spray drying Paraffin/PS 2203

In-situ Mg(NOs3),-6H;0-Na;S04-10H,O/PECA 126.8
n-Nonadecane/P(St-co-MMA) 76.9

Emulsion n-heptadecane/PMMA 81.5
n-hexadecane/PBA 120.16
Paraffin/PU 7.83
BA/Poly(MMA-co- 2-HEA) 58
n-octadecane-n-butyl 62.85
stearate/Polyacrylate@Titanium dioxide

Complex coacervation n-hexadecane/CHI&type-B gelatine 115
Caprylic acid/Chitosan and gelatine 79

Sol-gel PA/Silica 180.91
OA-PEG/Si0,&Sn0, 58.79

achieved with the help of sonication, meaning that shells can be
better formed on these small droplets. The largest difference and
the lowest value can be seen for the sol-gel method. This is not
only because of the introduction of a new silica precursor (sodium
silicate), instead of TEOS, but also the low pH condition. Thus, in-
creasing the encapsulation efficiency of the sol-gel method is a
challenge.

The diameter of capsules is another vital parameter. The lower
the diameter, the smaller the possibility there is to develop flaws
leading to cracked capsules. Table 16 and Fig. 133 illustrate the
latent heat of different kinds of nanocapsules produced by dif-
ferent encapsulation techniques. The nanocapsules of paraffin/PS
and PA/silica, produced by spray drying and sol-gel method re-
spectively, exhibit high latent heat compared to others. Also, paraf-
fin/PU nanocapsules produced by emulsion polymerisation show
poor latent heat. If researchers would like to synthesize nanocap-
sules by using inorganic shells such as silica to obtain higher ther-
mal conductivity than a polymeric shell, the only way that can be
achieved is the sol-gel method, and this again emphasizes the im-
portance of developing this encapsulation technique.

Incorporation of high-performance materials has been recog-
nized as one of the enhancement ways. Table 17 summarizes the
heat of fusion and diameter of encapsulated capsules with doped
shells, and they are depicted as Fig. 134 (bubble size represents the
size of capsules). High-performance material doping can boost the
mechanical and thermal conductivity, but the capsule diameter is
increased especially while incorporating CNCs achieved by interfa-
cial polymerisation. It is worth noting that after the encapsulation
of hexadecane by copolymer and inorganic material doping shell,
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Latent heat of nanocapsules (ki/kg)

Paraffin/Ps

250 Me(NO3)2-61
. S Mg(NO3)2-6H20-
OA-PEG/SIO2&Sn02 N32504-10H20/PECA

200 N e s

150 n-Nonadecane/P(5t-co

PA/Silica
100, MIMA)

n-heptadecane/PMMA

hexadecane/CHI&typ

n-hexadecane/PBA

n-actadecane-n-butyl

X Paraffin/PU
stearate/Po lyacrylate.

BA/Poly MMA-co- 2

Fig. 133. The radar chart of different nanocapsules and their latent heats.

the latent heat is significantly decreased from more than 200 to
63.1 kJ/kg. Often, researchers will not investigate the thermal con-
ductivity of the encapsulated PCMs they have produced, which is
in agreement with the review article by Stonehouse and Abeykoon
[15], who was not able to acquire sufficient data on the thermal
conductivity of encapsulated PCMs.

Encapsulation by copolymer shell is another effective way to
make capsules flexible and durable. Table 18 and Fig. 135 shows
the latent heat and diameter after encapsulation by using copoly-
mer. Compared with the doping method, using copolymer for en-
hancement usually gives a lower latent heat (below 100 kj/kg).
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Table 17
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The latent heat and diameter of encapsulated capsules with doped shell by using different encapsulation techniques.

Encapsulations ~ No.  Encapsulated capsules with doped shell Heat of fusion (kJ/kg)  Diameter (um)
Spray drying 1 Rubitherm®RT27/LDPE-PEVA@CNFs 98.1 3.9
In- 2 Paraffin/UF@GO 155.3 42.5
situ 3 1-Decanol/UF@GnP&CuO 120.12 -
Interfacial 4 Methyl laurate/PUU@CNCs 148.43 210
Suspension 5 n-Octadecane/PMMA@Silica 178.9 10

6 Hexadecane/Poly(MeS-co-DVB)@Titanium dioxide 63.1 27.5

7 n-eicosane/PUA@GO 181 4

8 n-octadecane/PMMA@Titanium dioxide 139.26 15

9 Paraffin/P(MMA-co-MA)@Alumina 105.5 1
Emulsion 10 28#paraffin/PS@Modified silica 86.35 3

11 n-octadecane@n-butyl stearate/Polyacrylate@Titanium dioxide 62.85 0.085
Complex 12 n-Eicosane/CHI@Silk fibroin 93.04 23
coacervation 13 n-Eicosane/Acacia&gelatine@Clay nanoparticles 114 1.485

Table 18

The heat of fusion and diameter of copolymer-encapsulated PCMs by using different techniques.

Encapsulations No.  Capsules by using copolymer Heat of fusion (kJ/kg)  Diameter (um)
Solvent evaporation 1 Paraffin/Poly (MMA-co-HEMA) 61.8 5
In-situ 2 n-Nonadecane/Poly(St-co-MMA) 76.9 0.16
Suspension 3 Hexadecane/Poly(BA-co-MMA) 63.1 250
4 Hexadecane/Poly(MeS-co-DVB)@Titanium dioxide 63.1 27.5
5 Coconut oil/Poly(HEMA-co-SMA) 119 125
Emulsion 6 Paraffin/P(MMA-co-MA)@Alumina 105.5 1
7 1-dodecanol/Poly(St-co-BA-co-DVB) 132 29.1
8 Behenic acid/Poly(MMA-co- 2-HEA) 58 0.29
Heat of fusion (id/kg) 4. Possible directions for future research
250
As reviewed above, the majority of PCMs, including organic, in-
o 145471789 181 organic, eutectic materials, with a large amount of latent heat, have
1 ) s been listed and compared. Also, the encapsulation methods to use
- ) u e fu them safely and durably have been reviewed, and some of the
ida o 10k o latest research has been discussed. However, there is much more
160 @ =3 ; 3’3455 o potential to be exploited and improved. Suggestions for future re-
o 62.85 search works are given as follows:
5(
» More eutectic and metallic PCMs need to be investigated. It is
* 1 s & & E % & 5 45 3 5 %8 & crucial to explore the different combinations of PCMs. Eutectic

Fig. 134. The bubble chart of differently doped capsules with their heat of fusion
and diameter.

Heat of fusion (ki/kg)

119 132

\J 105.5

76.9

631
3 63.1
Q o

Fig. 135. The bubble chart of copolymer-encapsulated PCMs with their heat of fu-
sion and diameter.

Amongst these capsules, the encapsulation of hexadecane by using
Poly(BA-co-MMA) results in large capsules, thus it is a challenge
to achieve them with a small diameter. Even with the incorpora-
tion of enhancement particles, paraffin capsules can be produced
with relatively high latent heat and a small diameter that is close
to nanoscale dimensions by using P(MMA-co-MA).

61

and metallic PCMs act as the compromise for overcoming short-
comings from pristine materials. For example, if people are try-
ing to combine two or more materials for higher performance,
it is likely to turn out the same or even lower performance than
they wish for. Thus, researchers need to guide them.

e The thermal conductivity and mechanical properties play im-
portant roles. Many researchers are dedicated to encapsulate
PCMs with numerous shell materials and study morphology,
encapsulation efficiency, core content, thermal conductivity,
thermal reliability, but thermal conductivity and mechanical
properties are less focused on. Future researchers could com-
plete these data, because these two properties determin the
energy exchange efficiency, especially for organic PCMs, and
the strength of preventing leakage. Also, a standard mechani-
cal testing method should be developed.

o The problems of the spray-drying method should be solved
for further mass production. The agglomeration in the drying
chamber is obvious. Thus, a better design of devices is needed.

o Complex coacervation should be more investigated under neu-
tral and alkaline conditions because it is conducted only under
very low pH. Therefore, encapsulation under higher pH should
be explored.

e The sol-gel method needs to be further studied. The pa-
per issued about this method is insufficient. If it is well-
developed in the future, capsules with superior properties and
nano/micrometre size could be obtained for commercial use.
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Multi-functional microcapsules are another promising field.
In the previous section, the colour-changeable, antibacte-
rial, electrical energy storage, light-thermal energy con-
version, and UV-shielding microcapsules have been dis-
cussed. However, this area has not been widely researched
yet.

The incorporation of high-performance materials in the shell
could be further studied. This is an effective way to enhance
the properties, like adding GO or inorganic particles to improve
thermal conductivity and mechanical strength.

The use of different copolymers to enhance the PCMs proper-
ties is an area that could be more investigated because flexi-
ble capsules with high mechanical strength can be achieved by
designing the copolymer sections. Besides, it is crucial to im-
prove the latent heat after encapsulation because this method
is less competitive compared with the incorporation of high-
performance materials currently.

7. Conclusions

Energy storage is ever significant due to global warming caused

by excessive reliance on traditional resources. PCMs, regarded as
alternatives, have lots of benefits that can be drawn upon. Based
on this critical review, the pertinent conclusions are drawn below:

PCMs with various properties from different categories, like or-
ganic, inorganic, and eutectic PCMs, are summarized. The ad-
vantages and disadvantages of each category are listed along
with the analysis indicating their melting point and latent heat
ranges. Metallic and inorganic compounds are the most suit-
able to be used in areas that need high-temperature energy
storage and fast energy exchanging. Other PCMs are more ad-
vantageous in mild temperature energy storage fields which are
mostly paid attention to. For example, organic PCMs are stable,
non-toxic, but have a poor thermal conductivity that needs to
be enhanced. Inorganic PCMs exhibit excellent thermal conduc-
tivity, but also corrosion and supercooling. Eutectic PCMs prop-
erties depend on the composition of PCMs and the production
methods used, careful choice is required to obtain improved
performance for different compositions.

Moreover, encapsulation methods such as chemical, physical,
and physio-chemical methods, are investigated by consulting
a large amount of research, followed by the integration of
key thermophysical properties. Solvent evaporation and spray-
drying are two effective physical methods used in the encapsu-
lation of PCMs, which give smaller particle sizes and high fea-
sibility. Apart from ionic gelation, merely used in PCMs, com-
plex coacervation and sol-gel methods are advantageous for the
formation of the inorganic shell with high thermal conductiv-
ity like silica, but agglomeration and low pH conditions limit
their application. All chemical methods including in-situ, in-
terfacial, suspension and emulsion polymerisation can obtain
smaller capsule sizes with narrow distributions. Also, tunable
morphology and the possibility to incorporate reinforced mate-
rials are promising, but still face the difficulty of massive pro-
duction.

For possible future research areas, the thermal conductivity of
capsules should be measured because previous researchers usu-
ally neglect this critically useful property. Test methods of me-
chanical properties should be standardized by using one crite-
rion so that researchers can universally compare. Also, eutec-
tic and metallic PCMs, sol-gel encapsulation method, complex
coacervation method, and spray drying are the areas that can
be further investigated for better microcapsule performance,
high microcapsule yield, and improved synthesis conditions. In
the future, bifunctional microcapsules, copolymer encapsula-
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tion, and doped high-performance materials are highly promis-
ing for developing applications like textiles, construction, etc.
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