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ABSTRACT

ith serious energy crisis in recent years, phase change materials (PCMs)
\ ’s / are among the best choice for thermal energy storage. These materials have
attracted special attention in energy saving. PCMs absorb energy during the
heating process accompanied by their phase transitions. This energy can be transferred
into the surrounding environment during the cooling process. In other words, these
compounds have the ability to store and release high amount of heat through phase
transitions with a slight temperature variation. PCMs are classified into four groups of
organic, inorganic, eutectic and polymeric materials. However, the major limitation of
PCMs is their mixing problem with other materials. Encapsulation might be the best
way for effective use of PCMs to increase heat transfer rate, preventing their leakage,
reducing their interaction with the external media and limit volume changes during
phase change. Encapsulation is a coating process of PCMs with a suitable material to
- protect solids, liquids or gases in a solid shell. Encapsulated materials are categorized
phase change materials, into macrocapsules, microcapsules, and nanocapsules, based on the capsule size.
microencapsulation, Among these, microencapsulation is a successful method to develop PCMs application
polymerization, in construction, pharmaceutics, agriculture, and textile industries. Different types of
microcapsules can be made with a wide range of shell materials by various physical,
physico-chemical and chemical methods. Depending on the chemical nature, three
thermal energy storage types of shell materials are used for microcapsulation, including organic, inorganic,
and organic/inorganic hybrids. The conventional polymeric compounds in the shell
include polypropylene, polyethylene, polyurethane, polystyrene, polyamide, urea-
formaldehyde, melamine-formaldehyde and acrylic resins. Due to the importance of
encapsulation methods and versatile applications of encapsulated PCMs in various
industries, the most important methods for encapsulation of PCMs are reviewed in
this paper in preparation of stable PCMs by consideration of the role of polymers.

phase transition,
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Fig. 1. Classification of thermal energy storage materials [11].
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Table 1. Desired PCMs properties and main characteristics of energy storage materials [3,14,15].
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Fig. 6. Scheme of the different morphologies of microcapsules:
(a) irregular shape, (b) simple, (c¢) multi-wall, (d) multi-core,

and (e) matrix particle [36].
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Fig. 5. Structure of microencapsulated phase change materials

(MEPCMs) [35].

Particle diameter: 0.5-1000 um
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Table 2. Advantages and disadvantages of physical microencapsulation methods [34].

& 5 U= t&ﬁ L'\. b
PCM = - i
e Lyl B s S SOl Ol g JECEtRIN
. o O3 31y 7805 . -
e olys Sesls o pa b adas as iy
5ol ek
a9 sk essb
n ol ol el TR bl Ll
wl.:i.a J"M..s"}_‘)l L Q;T?b
Lol 2l gles o)ﬁfﬁ\)}@‘ﬁeﬁ;&}ﬁvﬁ‘}
ne oy Sl O3 3245 7805 slolisl o s Ses
AT e 53 W5 O3 54z 3805 Dl s
Aol 2ol gles O3] gueS s 5 (8l p onlia S S S e 05 5S)

DIPIF] 555 bl 50 ol L oS 555

Sl by el Oadasss Gy, [FY] 0LKes 5 Konuklu
Gl Jald o5l s Calises 31 ge b ol S 1S 5 oS
Lodeaddle 3/ oadlomo sl 5 doadlle i padle el 3o |
Ao iyl 3y b 8w WOl s S eslizul Sodb e
s Zhang .ol all KL S gl JsenS oplgs ol o i
OS5l mn 36 ol iy L oddlsd g s Soe [¥1] 0L
Olpeas ol axsensl 5 0wl L ol Ske b b ates Ol iews
OBl anllae (gl ) @ ¥ gy 4 aes S L aay
@ S oz O ol S ol s il slasie s
0L 130 gS 5 Ko 38 dul 1) sl snS s S SCi5 FTIR
= Jo b STl mad o sk STL SB gl 555 L 083150
Sy g A g Slge Olgeay Sl S L 5 Ol -0 ]
033 i b Ol o sk ST gliaw 5B Jlaged ulad
OFYY Jg) sl S Il op zin 5 AFOL) OLd,l5] s
Oip wls Ol mli s Sl awy p Scwle Olgew
el SIS 3 O] S s S 0330wty 3lse S5 4e
Glad Sy mln 6 alS o5 Mo w28 iS5 035
5> el 3 s b3 pd e OAdlad g 033k SRIBl e O
O3 s eosd 235 Ll oS I8 50 055 L ana sy 5150 5 enlinal
IIVT 258 on e ensd plSomtal @y a8 (J5Sd 50

\AQ A9 )92 pithi= 313 p0 ¥ ©)lasds (pgmug o Jw (pasls (5I9I9iss 9 pole ( sake dlzo

ladgl 3 cpl 553 e (aggregate) (glas gl dols o)l gs LS55
Ji=Jw 5 (coacervation) Odidas S ¢ Ss OXSJS oS, 4

S92 oA 1 -T-T-F

Ol (ol ey S L e B Wl s OS5
5 Ba¥ Ca¥ Wil b bi (b slady Sosles
sx 0ad) e Ol pea cladg e S5 daa AP
(CaAlg) Sl 3T ol (Sl 5S35 Som 40 oS 03 5 3T
hsm el mbo 5o G 04305 lais, Sl s e
S Lol 5 e oolizad 63,25 sba «la sl bbbl s
Y] Lledis obssl 558 PCM 03 S J S 5 oo

Gbdegs” Y-Y-Y-f
4S s acervus 5V o3l 31 (coacervation) odias S C)Ahwl
Oddas S Slr o mrl o (0 53 sl 0l 4 S (heap) 4a S L
Odian S ST iy a3 bl y 5 55 m oslizal 5Bl o315 )
slaabils [Saas ol 56 5o 4 b los G (g3l Al Ol soas
L) osle ios o baS ol Ol 3 25, b 25, 00 Sl SIS
D3l 5 n bl (U318 S5 31 i L) e L (548
Slr o el OLSG Aol b 55 a (gl bad senS 5 See JSES



e 9 OIS g Gl 9 22 (590 15531 03183 (Slrs SO juuss Slgo Amangs )3 L jouly s

Sl b VS s g i e gl s b pH Cale ylie
L Jide oss b e S 0l jad 5S 5 S OS5LSn
Slad 5S 5 S0 A I3 13 SEM sla S bl s 0 OLES
3 e ey ated Sl b g5 S ol IS0 gl K
Shls W slad suS s Ko lien S5 3 o5l oL
Lo S VAY/A KI/kg A/, 0 yl3] S 0330 L OISsLS-n £4/07.
Ll @b S Saley 5 s ,S Gl TAC sles s 1,
sls OLES +/FOSA W/mK ltie
(E) 0l jlad g 0330 5 (R) O 515 oS s ¢ 2255 o) 5o
osbskn B o ol hos 50 e e > S
] st (1) 5 (1) laddslas 5 o s el el o S 5 S0

AH

R = Smmron s ogy, “
m,PCM
AH . +AH_,,
E= m,Micro-PCM cMicro-PCM 100% ™)

AH m,PCM + AH ¢,PCM

ok s osd ST Gl S AH L s AHL L dadsles ol 5
3k 5 23 T s AH o pow 3 AH, o pew 3 PCM
Cowsts DSC calKles 31 oS ol ol jlad 35S 5 S PCM
SladsnS s Ko s OSSN S5 Odd 1 senS .J;.ﬂda
OXEId g e b LS i 5 (550 03 gl K
Stz O35 o3 S (IS, s o5 () sba ol o 5
b Ol 3mnS 0330 45 Lol 51055 0 a8 8 Ja s anes o3l
Syhip emsp oS 5 osd Al a3 a5 S la

K
O + \)f;\%é/go Agltatlon

n-Octadecane Emulsifier
droplet O Hydrophilic EO segments
—— Hydrophobic PO segments Micelle
?H
HO—Sli-'OH
OH
OR
OR
H* RO I - i
RO—SI—OR ——> S /v —r 2RO Ho—di—on
Hzo Ro' | 1 é R
OR O—+H
TEOS H OH
R: C,Hs HO—SII—OR
OH

DEVT I35 e Al b ol 51 oo b o135 oo OS3LSTn LS5 51

U5 F-T-Y-F
Sy (2SI 00 ey gla Sy Ol J= o 2l 3
@ Calg 5o 8 Ll ol o 8 () A5 IS Jglme 5o Glae
Olseas Iim o S5 Solsts 353 0 kS (J5) ST oS
oS Ok Gla i8Sty Sl GheeS] aE LA Al
SOkl ISy oo 5t e i mle 5o IS se esle iy
sk 15 e 3 oS ol I 3 i 3 L s ek
St w48 Sl JSCize 5803 (g 3l il IS o L
(IS osba asle e ) GASHS Ol Al C—L" 56 Jels
GRS on  Saodea ladign b gl slag i b Je s
JSES 5 e diS SlaSid (6 oy Sla s Sl Sl e el LS e
PP 0] & s

o oy b alin 53 5 5 2y Szl 5 e Y gns JT sl oy
5 bl s b S ol s b S sl s Slas (16
5 Sk dile T8 6 penks 3150 4 Lt T slaarly Coles
5 Wang ol ol (ool 4o 55 atw g 3lee Ol geas ASlies V.QL,J
g b (0slgmn) T POM 0yl 5oS [F5] 0, Kasn
S T DY F] BT PR YN PV [ PR 3 [ PR L
b 65 sadsmSs S M5 SEM s ds S andllae J3
[fV] OL,Ken 5 Zhang 55 Aol F-A um o3Il o3 sl 53
il lten Ko anag L 0SS0 glad 5SS
3l Glas saze L5 S 4 B uxs esle 3 Shes 5 oL S Sl
(TEOS) oAb 55,1 1,5 31 esbizal U 1o (slad e s Soo
5 TEOS/0lSslshn Cilzses 35 glacams 53 I8 e Olpees

Microcapsule

3

?
0—§|—O—SI‘|—0
OH — [o] (o]
:[0-8:1-0—8:1-01
O O
Slhca shell

AV JSE

Fig. 7. Schematic representation of the formation of the silica-microencapsulated n-octadecane via a sol-gel process [47].
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Fig. 8. SEM images of the silica microcapsules prepared at weight ratio of n-octadecane/TEOS 70/30 and pH different values: (a),

(b) 2.26, and (c), (d) 2.45 [47].
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Table 3. Advantages and disadvantages of physico-chemical microencapsulation methods [34].
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Fig. 9. Schematic fabrication of silica microcapsules through interfacial polycondensation [53].
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Fig. 10. Schematic formation of the microencapsulated n-octadecane with the polyurea shells containing different soft segments

through interfacial polycondensation [39].
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Fig. 11. Schematic formation of the microcapsulated PCMs based on n-octadecane core and resorcinol-modified poly(melamine—

formaldehyde) shell through in situ polymerization [55].

S Ssbay b e Triton X-100 « SDS ¢l ) « ¥ ang
ERSEpTy L;Ln) ‘ch}a.ﬂ osle C)w )L\Ju ﬂ\f‘ L VY Q‘)JL;G
[OV] b il PCM b S ool

s (3 youls F-T-Y-F

R R L & o s
J;k}ol,;m_.jy.mw,wvsw}wu_ﬁbuﬁuﬁjm
¢PCM QJ,S:QJ:MJ}A\ uja ‘Ui’}) UJ-\ BL J)JJA ebUS.w\ LE'I )Le
Al g )'Lé)b_} J.l.béJA J,:ga:ﬁ b ;;*“JJJLQ LA;)LOT) LAJA}J‘)A
O g 3ol A0l osn Gled Ity Dz (slae kb o,
L&&a u;ﬂj(omdwyl) (_)L*ﬁcb—ﬂ :b.a u:;ﬁ\b.\;‘j}j
Jeiss dle T s JpkomanS gl ST 518 23,0y wagy
0L oy (sl (AIBN) L 255,15 30550l e 551-YeY 5 ST,
‘;Twﬁ J‘).A LS‘J" Jjw)_’laéu U‘i’j) U'l‘ J}.\ZJAQJLLL.«:\L;:L:M
[$7] 555 0 45 S 5S4 (PMMA) &M Sk foze Ly dls

140

VAR 92 b= 313 30 ¥ 0 Lo (pguug o Js cposly 539J9iS5 9 pole pale dlxe

Wl 5l ais gl 53 b el Sy s S Jlebnlan
Sl 53 B 4 LILT sladS b J3enS 5 Sin 45 gomes Cuia
(MF:01551588) aien gy 4 ateh 555 G (L1-L4) Jsl & 503
Wldmlans o3le 55 G ol b (o 505 4w 3 ) & F
osle 535 O g yome 3 b osls i Jlaimdan ssle JSlutds
5 Triton X-100 31 cilee S35 slado,s S5 L dea.w
5wl (la SE 4 sl ol L as eslized SDS
S s 355 e B eSS 2 S el
osle s el L eols 0L SEM ppslias b Lad 5oS 5 Ss
JS Jlaie 5 Triton X-100 S, 4 SDS Sy JL:.%CE.N
28 S ol glad S s S Sty (Jldplan o3le
Jlebprlaw osle e (2150 L &S 55 O 51 Sl> DSC s
Gk L Rl e e pme OSSR Mk St S
o il 3 bk ye oo S (soll TGA sl ilKiles
e (Gl opl ) 4l s =i Triton X-100 « SDS



e 9 OIS g Sl 9 22 5290 116551 0453 (5l I s Slgo Amungs ) L jouls yhaids

BB o B Ak DL ey STy 5l 0sSan
Sad S 5 5o 3 1 132l pled 5205 SEM 5 FTIR (5l g 3]
o3Il 5 edSy o e ol IS5 L (Mag-PCM) bl
i HD 3 PMMA Ols  bacs 55 5 S Aol ool 25
W ol Ko i b s gtz bl o plies 55 1) age
L olys s 48lsIMag-PCM ;s S 5 o HD o8 Ko .S
Shbpar 4 Ll e ol LA el S5 2 VAL M 8 6510
Wy Ol Jls la 25 B Al by e O ey b oae s
ok ES e Blu 4 4t 03b Ol e HD s PMMA
Gy 4 1y 5 gla is Kl s HD s PMMA Ol 5L
S 4 VAO0) 0ty slas 8,5 i3 b AS a5y
Sl B G pdycillan] 2310 5 (Cosl PMMA ol sa5a T
JlS 55 s PMMA Clo sla s (55 51 55 ey Joos
L () VW USE) 355 0 Jols SlodS s o ( So sl
O3l A sl wld IS8 53 (g dd D3 S0 lde 153l
o3 ad S5 S 3 (St et gl 0l 03 <0l
o2l e diag sl sunS 5 S DSC Cilles a a5 L LA
Ol 1y ol ol S a5 Sas 5 conlie (gl S (5lue 03
o3lital b plo S (gilwe 3 Sl 5 0l lad sS 0330 30
Sl 5 amlbe baa gol pled 512 DSC 5l Lol slaesls S
Skl bt LBl s Sl 1 kol b S
Sldlas sls olis Fe,0, lids sbs3l b1y bad gunS 5 So oo S
Codts S 3mS 5 S0 peblisalily ol e bl
rablie S S 3 S bl 0l 5 38 el 5 L ekl
Jaa gn SWPCM Ol e PCM ool s 55 Al 55 oo e diiangs
b pig ool b s 8 Sl S 3 5 WS 13 e g s g
Pl bedd b ome lad iS5 o0 aocrl S eslid
St e olaSles 5 (bl (g Sl w553 (53 Sk
(S S slaolSans oS5 S5 Sen slaandad W5 55 3 )8
e b daOlesbey o ga dallale s g 5 Dl s

S o oal b el UG 5 ol S b e

(Ssmadgol o yagly O-F-Y—F
36 53 ST ke 00t sy IO 1 ¢ g ed ol O sy 53
it JploeeaS b Jplousl OF 53 ajagige 5 03 Jylons
A D 5 e &g ol Jladalans o3le SaSay O oy Lo
VEUSE 5 &S sboles ssd e eslanal ol 56 D Olpea
osle (5o s Lo 13 O gred ol o o33 m ol 0l 0303 OLES

Before polymerization

M M 3 My
| M Dispersion

Hairy layer

After polymerization
M polymerization

M . M :" Qg
MMS‘ t:INL,M _>_>:>> gﬁg
e S 18168

M I M
Sterically stabilized particles

Homogeneous solution

M: Monomer I: Initiato1 size: 0.1-15 mm

~ :Dispersant

[¥9] o281 00 ek 51 b Y IS

Fig. 12. Schematic description of dispersion polymerization [36].
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Fig. 13. SEM images of magnetic PCM microcapsules based on n-hexadecane/Fe,O, core and polymethyl methacrylate shell with

thermoregulating and magnetic responsiv properties [59].
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Fig. 14. Schematic representation of early stages of emulsion

polymerization [34].
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Table 4. Comparison of microencapsulation techniques of PCMs [34].
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Fig. 16. Classification of supporting materials for preparation of shape-stabilization of organic PCMs [40].
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Fig. 17. Schematic illustration for preparation of PU/paraffin shape-stabilization of PCMs [84].
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Fig. 22. (a) Release of dye from a polymeric hollow particle
whose surface opening was corked by a PCM, (b) TEM
image showing the particles corked with 1-tetradecanol, and
(c) release profiles of rhodamine B from the particles capped
by a binary mixture of PCMs consisting of 1-tetradecanol and

lauric acid in a buffer solution at pH 7.4. [16,99].
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Fig. 21. (a) Schematic illustration of the procedure for
generating polymer hollow particles carrying a small hole
on the surface in four steps and SEM images showing the
PS particles (b) with a hole on the surface, and (c) after
selectively removal of P4VP film [99].
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