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Given the ever-increasing demand for energy and the limited nature
of fossil fuel resources, improving energy efficiency and storage has
become one of the most significant challenges facing humanity. Phase
Change Materials (PCMs), substances capable of absorbing and releas-
ing thermal energy at a constant temperature, have emerged as an inno-
vative solution in the field of energy storage. With their high latent heat
capacity, ability to maintain a stable temperature, and environmental
friendliness, PCMs have great potential for applications in various in-
dustries. However, their low thermal conductivity, especially in organ-
ic PCMs, has hindered their widespread use. To address this challenge,
researchers have been exploring various methods to enhance the ther-
mal properties of PCMs. One of the most effective approaches involves
incorporating high thermal conductivity nanoparticles into the PCM
matrix. This research comprehensively reviews recent advancements
in the preparation and applications of nanoparticle-enhanced PCMs. It
delves into various types of nanoparticles used, production methods for
nanocomposites, the impact of nanoparticles on the thermal and me-
chanical properties of PCMs, the stabilization of nanocomposites with
surfactants and surface modification, and also their potential applica-
tions in diverse industries. The results of this study indicate that the use
of nanoparticles can significantly improve the thermal conductivity of
PCMs, with carbon-based nanofillers showing the highest impact. Addi-
tionally, nanoparticles have led to a relative reduction in the phenome-
non of supercooling in PCMs. Based on the results of numerous studies,
nanoparticle-enhanced PCMs hold great promise for improving the per-
formance of energy storage systems, reducing energy consumption in
various industries, and fostering the development of sustainable tech-
nologies. These nanocomposites can be employed in the construction,
automotive, electronics, and textile industries to create more comfort-
able environments, enhance energy efficiency, and reduce greenhouse
gas emissions. Continued research in this field is expected to lead to the
development of even more efficient PCMs with a broader range of ap-
plications.
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Table 1. A brief overview of the research conducted in the field of nanocomposites of phase change materials

Remarks PCMs suggested

Reference

Sami and Etesami | Paraffin
(2017) T :54-58 °C
3) Enthalpy: 137.8 J/g

Characterization of thermal properties and stability of
paraffin/titanium oxide (TiO,) composites with and
without sodium stearoyl lactylate (SSL) as a sur-
factant was investigated experimentally. The results
showed an increase in the thermal conductivity of the
composite containing paraffin/TiO,/SSL by 47.85%
at a concentration of 3%, and a slight decrease in the
dispersion of nanoparticles in the nanocomposites
after 80 heating cycles.

Babhirai et al. Paraffin wax

Three types of carbon-based nanostructures includ-
ing carbon nanofibers (CNF), graphene nanoparti-
cles (GNP), and graphite nanopowder (GrP) were
combined with paraffin wax and a small amount of

E%(S))l 7 Egt}?ﬁ C 1193 1/ PVP-40 was added to the mixture for good dispersion
py: Y nanoparticles in liquid PCM. The obtained results
showed an increase in the thermal conductivity of
PW/GrP by 620% and 1100% respectively in the
concentration of 7.5% and 10%.
The effect of phase change materials reinforced with
nanoparticles on the performance of stationary solar
. . devices was investigated. Three types of nanoparticles
DTN Al i TiO,, CuO, and graphene oxide (GO) were dispersed
Rufuss et al. Paraffin 2 . . .
2018) T - 64 °C separately in paraffin with 0.3% by weight and
(16) i sodium dodecylbenzene sulfonate (SDBS) was also

used as surfactant. Finally, an increase in the thermal
conductivity of paraffin/TiO,, paraffin/CuO, and
paraffin/GO was observed by 25%, 28.8% and 101%,
respectively, at a concentration of 0.3%.

Stearic acid
T : 62-64 °C
Enthalpy: 130 J/g

Masoumi et al.
(2019)
(17

In this review, nanoparticle-enhanced phase change
materials were prepared on a laboratory scale by
dispersing TiO, nanoparticles in stearic acid with the
addition of SDBS surfactant using the sedimentation
equilibrium method (SBM) and an increase in the
thermal conductivity of stearic acid/TiO, by 27%

was observed at a concentration of 5%. The results of
the structural analysis showed that the nanoparticles
were uniformly dispersed in the base matrix with the
addition of the surfactant. Also, the chemical stability
and thermal reliability of phase change materials
improved with nanoparticles were observed after 250
thermal cycles.
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In this research, the addition of carbon-based
nanoparticles, including graphene nanoplatelets
(GNPs), multi-walled carbon nanotubes (MWCNTs),
and nanographite (NG) was done to improve the ther-
mal conductivity of myristic acid phase change ma-
terial for solar thermal energy storage. The obtained
results showed an increase in the thermal conductivity
of myristic acid/GNPs, myristic acid/MWCNTs, and
myristic acid/NG by 176.26%, 47.30% and 44.01%,
respectively, at a concentration of 3% for the solid
phase. Also, the results of DSC analysis reported the
excellent stability of nanoparticle-enhanced phase
change materials after 100, 200 and 300 thermal
cycles.

Myristic acid

T :54-55°C
Enthalpy: 194.90
J/g

He et al.
(2019)
(18)

The effect of adding different weight percentages of
different nanoparticles such as CuO, TiO,, Al,O,, and
graphene to paraffin along with the addition of SDS
as a surfactant on improving its thermal properties
Paraftin was investigated on a laboratory scale. The results
a7) T :27.7°C showed that the highest and the lowest coefficient of

Enthalpy: 206 J/g thermal conductivity are respectively related to par-
affin/graphene at a concentration of 3% and paraffin/
Al O; at a concentration of 1% and Nanocomposites
containing 2 wt% TiO, and 1 wt% graphene have the
highest and lowest energy storage capacity, respec-
tively, compared to pure paraftin.

Haghighi et al.
(2019)

The effect of adding conductive polyaniline (PANI)
and copper oxide (CuO) nanoparticles with different
weight percentages in the paraffin wax (PW) matrix

I by adding the surfactant TritonX-100 was investigat-

George et al.

. O,
(2020) Eﬁtlfagl;go 1(5:3 61 ed experimentally and the increase in thermal con-
(19) Vg ’ ’ ductivity of PW/PANI and PW/CuO was observed by
46.8% and 63.6%, respectively, at the concentration
of 1%. In this investigation, the thermal stability of
paraffin wax and its composite was determined using
an accelerated thermal cycle.
In this research, a composite of graphene oxide
nanoparticles (GNP) in paraffin wax with the pres-
Kabeel et al.
(2020) Paraffin wax ence of SDBS as a surfactant was used.to produce
20) T :55°C fresh water in a fixed tubular solar device. The
obtained results reported an increase in the thermal
conductivity of PW/GNP by 52% at a concentration
of 0.3%.
In an experimental study by dispersing titanium oxide
nanoparticles (TiO,) from 0 to 2% by weight in pure
RT-35HC commercial PCM samples RT-35HC and the addition
Arshad et al. . . . .
(2020) Commercial par- of SDBS'as a gurfactant to increase the d1spers1on of
@1 affin nanoparticles in PCM, the physical properties, ther-
T :34-36 °C mal and chemical stability of the said nanocomposite

were investigated. The increase in thermal conductiv-
ity of RT-35HC/TiO, was observed by 59.5% in 2%
concentration.

SV ok - oo i 63 S g sl 4y o (Shgy (sole aclilad
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Paraffin wax
Tm: 47-48 °C
Enthalpy: 160 J/g

Laghari et al.
(2022)
(22)

This study was conducted to characterize the titanium
dioxide-graphene binary composite (TiO,-Gr) (1%
by weight of titanium oxide and 0.1, 0.5, 1, and 2
wt% graphene) with paraffin wax to improve the
thermophysical properties was added with SDBS

as surfactant. The results showed an increase in the
thermal conductivity of PW/TiO, and PW/TiO,-Gr
by 120% and 179%, respectively, at a concentration
of 1%. Also, the results of TGA, DSC, and FTIR
analysis, which were taken after 0 and 300 cycles,
clearly showed the chemical and thermal stability of
the nanocomposite.

A biocompatible
phase change
material

Brand name Pure-
Temp 29

Tm: 29 °C
Enthalpy: 202 J/g

Sheikh et al.
(2023)
(23)

This experimental research was carried out in order
to cool an aluminum heat sink, in which graphite
nanoparticles with different surfactants (SSL, SDBS,
and sodium dodecyl sulfate (SDS)) were added to the
phase change material and then the thermal perfor-
mance of the phase change material was investigated.
After performing the tests, the mass fraction of graph-
ite to surfactants was selected with a ratio of 1 to 3.
This resulted in a stable solution except in the case of
nanocomposites made with SSL. The results of the
measurements showed an increase in the thermal con-
ductivity of graphite-PCM/SDBS and graphite-PCM/
SDS by 240% and 218%, respectively, at a concentra-

tion of 5% with a ratio of 1:3 graphite to surfactant.
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Figure 4. The percentage of nanoparticles used in recent researches
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Table 2. Quantitative investigation of the increase in thermal conductivity of phase change material nanocomposites in

recent research

Reference PCM Nanoparticles (%) Surfactant Thermal conduc-
(Thermal conduc- tivity enhance-
tivity ) ment (%)

Sami & Etesa- Paraffin TiO, (3.0 wt%) SSL 47.85

mi (2017) (3) (0.139 W/m.K)

Dsilva Winfred Paraffin TiO, (0.3 wt%) SDBS 25
Rufuss et al. (0.26 W/m.K) CuO (0.3 wt%) 28.8
(2018) (16) GO (0.3 wt%) 101.2

He et al. Myristic acid GNP (3.0 wt%) - 176.26
(2019) (18) (0.22 W/m.K) MWCNTs (3.0 47.30
wt%) 44.01
NG (3.0 wt%)
George et al. Paraffin wax Polyaniline (PANI) Triton X-100 46.8
(2020) (19) (0.2 W/m.K) (1.0 wt%) 63.6
CuO (1.0 wt%)
Kabeel et al. Paraffin wax Graphene oxide SDBS 52
(2020) (20) (0.26 W/m.K) (0.3 wt%)
Arshad et al. RT-35HC TiO, (2.0 wt%) SDBS 59.5
(2020) (21) (0.2 W/m.K)
Sheikh et al. Biobased Graphite (5 wt%) SDBS 240
(2023) (23) Phase Change Ma- Graphite (5 wt%) SDS 218
terial
(0.25 W/m.°C)

Sivasamy et al. | Myristic acid (MA) Ag (0.3 wt%) SDBS 109.2
(2019) (31) (0.17 W/m.K)

Sharm et al. Palmitic acid TiO, (5 wt%) SDBS 80
(2016) (33) (0.19 W/m.K)

Nourani et al. Paraffin wax Al20, (10 wt%) SSL 31.47

(2016) (34) (0.197 W/m.K)
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Han et al. Ternary chloride salts | ALO, (0.7 wt%) - 62.59
(2020) (52) (MgCl12:KCl:NaCl CuO (0.7 wt%) 21.58
with 51:22:27 molar Zn0 (0.7 wt%) 6.47
ratio)
Cui et al. Sodium acetate Nano copper SDS 20.5
(2016) (55) trihydrate (0.5 wt%)
(0.777 W/m.K)
Choi et al. Stearic acid Graphene (0.1 PVP 21.5
(2014) (60) (0.33 W/m.K) vol%) 10.5
MWCNTs (0.1 9.91
vol%)
Graphite (0.1 vol%)
Lin & Al-Kay- Paraffin wax Cu (0.5 wt%) - 14
iem (2016) (62) (0.172 W/m.K) Cu (1.0 wt%) 23.9
Cu (1.5 wt%) 42.5
Cu (2.0 wt%) 46.3
Ezhumalai et Palmitic acid CuO (0.1 wt%) SDBS 19.87
al. (2018) (63) (0.17 W/m.K) CuO (0.2 wt%) 45.61
CuO (0.3 wt%) 66.08
Aguila et al. Octadecane CuO (10.0 w/v%) Surface mod- 9.32
(2018) (64) (0.131 W/m.K) ification with
sodium oleate
Kazemi et al. Paraffin MWCNTs (0.2 Gum arabic 35
(2019) (65) (0.2 W/m.K) wt%) (GA) 49
MWCNTs (0.5
wt%)
Harikrishnan Myristic acid Si02 (0.2 wt%) SDBS 2543
etal. (2019) (0.19 W/m.K) Si02 (0.5 wt%) 43.06
(66) Si02 (0.8 wt%) 60.48
SiO2 (1.0 wt%) 87.27
Sivashankar et OM35 GNP (0.5 vol%) Sodium deoxy- 75
al. (2020) (67) (0.2 W/m.K) cholate
EL
g
B 250 Ho
E 218
E 200 176.26
-
E 150
£ 1012 1062
E 8 - 8727
E 4755 173 un By s s 463 o 1
E * = o 258 5 0 A s om 2.3
£
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Figure 5. Comparison of the percentage increase in thermal conductivity of phase change material nanocomposites due to

the addition of nanostructured materials

2oy — (oo (cuigen 50,1315 b g (sl Ay o (b (oole aclibad \ P



Ol 3 (soaiiiame - 3U 5 00103318 i Ble
5 Lo gogBlyl (22 g 35l (b S bl 2l
dm e g 03,5 Sloml ) (6 S 5 Al oly—
A ey L sdoe gt (mleyS (bl il
39 32 y® Gl o g b (A ¥ Jgoar
ol 5 (oS (bl (i onalST gl )3 (50938150
5 3550 (6 j0 4 (ot g9—050 Lol by
ST s olanly gl a8 I 5 A 0 WL PCM A
Ay i3l L a5 g sy sl &3 E i,
NPUED-J A Y| SA PR Y FPIE SN Ly | BPLE G PR PN
Esl ol sl ioman S 052y b )5 UL,
slaanlp b lanl Ggw) 5 &ienlSsil s ol
Fin 50 A5 0l aales dSged slazil g 0gd lgie
o 4285 8 sy s 5y Ll
3oy 9 PCM 0 L Jogjdlel jo—d> 7
ot bo s

ole—o o (glea—ay  (Supercooling) WL@)_W)JI
S 990 camle 3L ST )] j0 aS el saiasjlé s
ol szl dbadi I 1S iml (mles 4 asly 4 518
aS mled o Oglay o O e a o o0 09>
mled 5 955 o SLET (535 S asngs y5bas szl o
ot Szl g9 0 (sl Jolss L3 Jlagai 4 S
2 Sg—bee aSld wtul Ole—iedy S 0
Yoo 45 gt ol gle S Ghaleympl Ll
S ol g ge 0, d g oo 3l Slazel B8

wolge oy o )39l 35 5 el (5550

Cde ol etz s )5 sla 09 lsl
Sl slaca 5l sl gl (b 5 (bl (il
o=l =S @bl 99 Yo ()5 sla 5998150
SElwgiloly o plw ay Cous Lo o381l 5l g5
@bl (i ol et ie 45 g bles
Sl e addllas 5y Lo taghy )0 (=S
Ao ) 803l Bl sl sladises
SDS §SDBS j5—a> Ly o885 S35 00,0 0 ol jon
S o] S5l A ged 9 Jlbrla (s ey
sl 5315 sladlbriogl iy dmo 0 Vool ,an 4y
slacejeelisil am la b (3958l (S j5bay
U SV A g T N L g BV PPN W YO - SOOI PN
ol STy ¢ 3993815l g o3l ,0ss ol (n
DSy Sgg 0038, Bole A yo 1, Lslugls
Sy a Tl Jbghaw e bilé 5 55 ol ol
S0 30 so 03, ol slaSi b L g
bols (gglm dsges 90 0 Cwl otk i a S jo biles
SBlS (9 93 O ol e (S B0 ;8,0055
= olbSe Ll 8 0925 L SDS 5 SDBS j9—a L
Bl am e Jlbgha s g9 50 ;i gl 9
o=l A Ceuloas C el 9l (mbe )T Ul i
= SDBS bl s ;g (5,05 15 Jdses g59e
3 laglslsse yi 1Sy 5 (b 25 2alS

ol 00338 s bole A}

S Lagil sole g4 a5 el T sLisS ol (imen

beypl Bausy p LSLugil slge (39381 23U die ,5 salplonl sla sl 2 590 ¥ S0
Table 3. Review of research conducted on the effect of adding nanostructured materials on the supercooling phenomenon

Author PCM Nanoparticle surfactant | Supercooling effect investigation
Their results indicated that carbon nanoad-
grap i, LAREEINIT ditives can slightly reduce the degree of
Zou et al. Industrial Gt supercooling. The mechanism of this phenom-
(2018) grade par- A MWCNT - enon can be attributed to the nucleation role
(68) affin (0.2,0.5,08, 1.0 of these nanoadditives, which facilitates the
) 2 e’mc'i i 5’ “’, t% )’ formation of paraffin crystals at the interface
’ ’ of nanostructured materials and paraffin.
In this study, by adding 0.5 wt% copper
nanoparticles as the optimal amount, the
Cui et al. Sodium Nano copper supercooling point of the nanocomposite was
(2016) acetate (0.5 Wi%) SDS reduced to about 0.5 °C. Copper nanoparticles
(55) trihydrate ' are significantly more effective in reducing
the supercooling point of pure PCM than min-
eral salt hydrates as nucleating agents.
The results show that the addition of copper
nanoparticles to paraffin led to a decrease
in supercooling. This phenomenon can be
Lin & Al-Ka- copper nanoparti- attributed to the .effecFive ny(lzlea}tion role of
yiem (2016) Paraffin cles ) cop.per.nanopartlcles in facilitating the crys-
(62) wax (0.5,1.0,1.5,2.0 tallization process of paraffin. The presence
wt%) of copper nanoparticles acts as crystal growth
centers and increases the rate of paraffin crys-
tal formation, thereby reducing the supercool-
ing phenomenon.
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He et al.
(2019) (18)

GNP, MWCNTs
& NG -
(3.0 wt%)

Myristic
acid

In this study, the addition of graphene nano-
platelets to the myristic acid phase change
material, due to the nucleation effect of the
nanoadditives, led to the effective elimination
of the supercooling phenomenon in these
nanocomposites.

TiO,
(0.5,1.0, 1.5 and
2.0 wt.%)

Arshad et al.

200y a1y | RTISHC

SDBS

They reported a slight decrease in the crys-
tallization temperature of the nanocomposite
due to the confinement of the crystallization
of the surface layers of TiO, nanoparticles

in the nanocomposite, and a slight change in
the maximum melting temperature due to the
formation of incomplete RT-35HC due to the
surface layers. Therefore, these factors caused
a very slight increase (less than 1%) in the
supercooling temperature in this study.

TiO,
(0.5, 1.0, 3.0, and
5.0 wt%)

Palmitic
acid

Sharm et al.
(2016) (33)

SDBS

In this study, the presence of TiO, nanoparti-
cles dispersed in palmitic acid acts as crystal-
lization nuclei and leads to an increase in the
nucleation rate and a decrease in supercooling
in the nanocomposite. As a result, the melting
and freezing temperatures of the nanocompos-
ite become close to each other and we achieve
simultaneous melting and freezing points.

&8 5 5 b 08T 059 5 ey oS
Lol w8 Jos jobd sloa o g cas o ulgi o

Q“’f) 9 u_él)é B)L.\J‘ asbe @dm JJ‘}CA.: l_Qu| LT")IS

Y|P W S
gm0 Glby jorolT gl (g )lomsly (w0 V
003 j U ok

ol 3ol L laisn |y e (sl
Slg—s g Jlxio dlgo (6,5 Ay dLropy Ly 005 WS
oy, ol 3l eslaiwl Wiz o (VYY) st S5 2]
518,38 slaolliws pox> 9 (59 Bl Jdoas
b, L olyde il psty (Jolas jo anvns oglhe
—29) Oly—eds oaa08 i Blya 3 Vo (b S
o0t (e 550 (oS (2l Al 6l cnlia
bl Golidl gz L cdls ol jo Ll (F) cl
Olyde b g5l luly «lyds Sb b g PCM b S
b a s el glals s ua__]L> PCM 4, c.)_,i';oos}_ﬂ
ol g b Jadmba s 5l oslaiwl 0,5 || 5 a >4 5,5
Algi co 45 Al Gl g, 90 O30 e
39 0d=m3;l s dlge slacy el gl s sl
5o oadplxil Gladlas caslsl o a5 05,5 1,38 oolai
OF) sl oas ools 7 aiey

e jorol gl 5)lly p Jldgelaw S1Y-V
Sl sloatejesligl o os2ge Sl3e L
oY eIy ily (595 9y Jdoa o855
ale sl omlple wls (Sl g e A Jles
39l e BeSy ST jebaieds (o i
bt il Uy Sl 2501 aadls PCM iiio) 33,0
Slg—o SlatejoalS gl )3 (S jsbar .ol 5Lod 89—
5 &l ydesl o ol sle sl (gl oo imojlb s

NS i A e \.\alyu.a 9 09— &_J?_LE.A :}[9_“.0
Oed Ay 05l i lize slaan] B g anlio jo  alise
slass o L5Al Sgds aivaS o] O sois (5,5 gl
a8 S 18 w9590 00y ol OYLas 5l gogae
gl olge (99581 ;53U (o) 2 5l Jol gl a8
RLIIW] U ) < il PR o] P i X W O
olgs o wl.c)_w).s‘ baoyy ials el a g L
Cldllw dlox 3l calize slao )5 10 capo;lé, %
lgo ol slazsl g g lod 3Bo J,mS L g
soli ol YU el L slaaslel s jo Loyl 5l olss o
Oitle gl oS Gl S50 Jslse 1o, S
Lo 50986l amos 9 cdale wojlasil g am (g5 o
U—" )0 o.A_»i'ab.w)).g Lguuu.(bj).s FL.: ..))J o)l_::)|
A LSl wgl olgo 0933l 45 w2 oo loii aJlie
bay (650 jo—bdy algi o oa el 55 Blg
Ot Jdods ousay ol ams ol iole s il
£y Loysle S5 0y g 5o 5l sy gl o
looo yo e Lo ul8 e b o iclgod, 5 e
S jlel 6,V
Aol gl dp2ge Gla)lgil (S jebar
Jelis Ll gl olg o 09531 , 51 o iole )l
il (5 i g el phw il (ol
od—deslaiwl )LI}L.»y'U 3ol_o E— —imed S |
Joe sl el OS50 sams =l 595 2 5
Yo 850y b J—doay 5 slo Jog33l8L
|ae S50 9l slotin olyea o iilyion

oty = (o (piiten (6935 S gy sl ah) (A oole allad Y &



ol Dly3950 ey S bl 28l (6l S5 (b
@S u\.\_w‘n)f ,alf_,.a: [ o.b?_” |) l_,o)f Jl_a...>| NESEN
JL’.‘BCJQ_M: 6L®J9SJ}A ‘u_sb.;os){.c DS J_Jy
oiml38l a S o ey rolially anl Ay g Ol p3esl
48 50,00 loangy 5l gla_ads ¥ oo

Sl sl b bdakh w5l sl o) 5o

)| &

wolge oy o )39l 35 5 el (5550

looasS ok slanl e (49,0 3950 (3l lnly
o=l ool vl pae O jgo 10 09d o oolaiwl —ol>
ba—203l s olg e slacy;amlS 6l L poais lasl
Gl e Lz (o) G BdS L sabays
slote gl sl ol sl plo) Soae Wig 5 oo
g olal mlaw sla Shs am ca w0l s sles
(2D IS P CHVRGH RPN F B 5

Sals Ay ;i 05 U e a5 ]
038338 i Sls—e slanjealS gl (b S (2l
L e I L3 e T

Jl o> 0 a0, ole o slacy jsslSsil
3 08B ygpe Lo iagh Gl aed oo L ]y 3]
a0 da Jldmdaw il ool ul jisy jo adlis ol
Og—red b Jladmhaw sl osliiwl )5 o 005 ol
t—oo Joli b Jldmha . Lo 3 SDBS. SDS. SSL
gl 5 a8 S D9 S Gatgex PVP g (e
Sebolen wl ool a1 JSCs 0 (640505 O ygoas
oolaiwl a1 i gd o odmline S 0 4 S
a5 SDS s SDBS cols ay bg o Jladmla o
Jdzbe w85 a5 lg 5 e 45 Swl SSL ol
Sl (sl ol ;S5 Ly alio 5 SDBS
0u—233l8 i Blg e lacyja.melS ol Ay jo ol,3s L
el 428 5 15 8 oolawl 5,5 0 X b
ey g — b )S ol (FO) oK sn g —ablS
sladglyl s> il 5 a5 Bl il S
7 Syg—ety |, MWENTS) o)lhzuiz o)
Lo |, MWCNT lal Loyl .assls 8 aallas 8,5
A 8LAIPCM 4y ooy o0 /B 5 Y sloaclale
odsoalel - Y N SISV E P SO TR W AL

Sl Gl sl cnlie sla g, 5l (Sl
PTGt JUUES R PP - SLVS YWD L 9] FR G P PR
slposiSoassTy Ly b ldmh 5l ool
ol (=3, 6)‘—“’? slaailelw )3 Jldzhw (3958
Sle eyl sla] gl Laliél sl solazdl
L oSyt S Voo 5y ST a5 S ||
JoSis cwgao] —dad Caand S gl b,
Sl Jsles sauSoauSTy (o5l 8g0 allalws jo ailoa 3
S A ey Lo,S 18 508 g0 S it Jad o
Wiy gn s s gy Ay Ln b
Ol s 39 105l 09,5 (90 (gt sl el
(e 5 sl slmos S Ly (Sl sla Jladla
g o s b sloog S L (HaslS sla e
35395y Loy S Ly S ishel (gla Jladprla s
slwoasSoassl,, ol sl 5> .(V+) (Zwitterionic)
T 85 (il o IS 5oty ol IS el il
Joee sla Jldmha s 0l ol —dad JLw aly
Jodome o ls0 ij5o (al ;b y0 0 sl O o
JWdghw 3958l 4z ST aisB oo LSl (24 53

o338 i Bole o 5ualS il g jo n Jladmbans jl colatul die 1o 433 T8 a0 sloiaghy 5 slaods F Jgax
Table 4. A summary of the researches carried out in the field of using surface agents in the preparation of nanocomposite of

phase change material

PCMs sug-

Reference gested

Nanoparticles

Surfactant

Remarks

Multiwalled nano-
tubes
(MWNTs)

Zeng et al.
(2009)
(59)

Palmitic acid

Setyl trimethyl am-
monium bromide
And SDBS

The results of the DSC curves showed
that there is no significant change in
the melting and freezing point and the
phase change characteristics of palmitic
acid are not affected by the addition

of MWNTs and surfactants, regardless
of the type of MWNTs and surfactants
added.

Multi-walled carbon
nanotubes
(MWCNTs), graphite
and graphene

Choi et al.
(2014)
(60)

Stearic acid

pPvp

The obtained results showed that the
stability of PCM dispersion with-

out adding surfactant for MWCNT,
graphite, and graphene for at least 7, 2,
and 5 days, respectively, and with the
addition of surfactant as stabilizer, dis-
persion stability lasted for at least 10,
3, and 8 days. These results showed the
effect of adding surfactant on increas-
ing the good dispersion stability of the
fabricated nanocomposite.
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In this study, in order to check the

Nourani . . stability of the sample, the thermal
et al. Aluminum oxide
(2016) Paraffin (ALO.) SSL cyc!e test was performed. All nanocom-
(34) =3 posites showed good thermal reliability
after 120 thawing and freezing cycles.
Accelerated thermal cycling test on
Sharma nanoparticle-enhanced phase change
N . material showed that the prepared com-
et al. ... .. | Titanium Dioxide . . .
(2016) Palmitic acid (TiO,) SDBS posite maFerlal does r}ot lose its thermal
(33) and chemical propert.les even aftern a
large number of melting and freezing
cycles.
Palmitic
. . acid/poly-
Stll;khorl pyrrole T In this study, SDS has been used as a
@ 01’5) (PA/PPy) lets (GNPs) SDS §urfactant to stabilize the nanoparticles
©1) stable phase inside the PCM base.
change
material
After 50 cycles of melting and
freezing, the degree of supercooling
. . o
Cuietal. | Sodium Copper nanopartees sl very o
gg)l 6) 3:;[?6 trihy- | copper (Cu) SDS (about 1°C) and its latent heat does not
decrease much compared to the initial
melting, which indicates good stability
of the nanocomposite.
In this study, a decrease in the melting
temperature and latent heat of the sam-
Sami and ples .and a slight dec.rease. in the dis-
Etesami . persion of nanoparticles in nanocom-
(2017) Paraffin TiO, SSL posites were observed gftgr SQ heating
3) cycles. However, the distribution of
nanoparticles in the nanocomposite
with SSL surfactant was still better than
the nanocomposite without it.
A very small amount of polyvinylpyr-
rolidone-40 was added to the mixture
as a dispersing additive to ensure good
Bahirai ct carbon nanofibers dispersion of the nanoparticles in the
al (CNF), liquid PCM. For each nanoparticle,
(2'017) Paraffin wax | Graphene nanoplate- | PVP-40 four samples with different weight frac-
(15) lets (GNP) and tions of carbon additives are prepared.
Graphite nanopowder The stability of each nanocomposite is
evaluated by successive thermal cycles
to ensure the homogeneity of the sam-
ples during the thawing/freezing cycles.
The results of the investigation showed
Liu & Rao that the addition of surfactant leads to
ot al Graphene and SDS an increase in the stability of compos-
) Paraffin Exfoliated graphite ites. In addition, more than 50 times of
(2017) and SDBS . .
(58) sheet heating and cooling cycle tests were

performed to ensure dispersion stability
and thermal properties.
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The results of DSC analysis after 1000
heating cycles showed small changes

Ezhumalai in the phase change temperature and

et al. e . latent heat for melting and freezing of

(2018) Palmitic acid | copper oxide (CuO) SDBS the sample, and these small deviations

(63) did not have any adverse effect on the
stability of the nanocomposite for long-
term operation.

E\Zﬂ‘fi q In this research, SDBS was added to

Rufuss et TiO.. CuO and base PCM with a mass ratio of 1:1

al Paraffin a Zflene oxide (GO) SDBS to ensure the stability and homoge-

(2'01 8) grap neous dispersion of nanoparticles as a

(16) surfactant.

Haghighi SDS was added as a surfactant to

et al. TiO,, CuO and achieve a homogeneous composite

(2019) Paraffin graphene SDS during the composite preparation

(72) process.

Harikrish- By conducting DSC analysis after

nan 1000, 2000, 3000, and 4000 thermal

et al. Myristic acid | silicon dioxide (SiO,) | SDBS cycles, the fabricated nanocomposite

(2019) showed good thermal stability for long-

(66) term operation.

Sivasam The results of comparing the thermal

et al Y conductivity of the sample before and

yristic aci 1lver (Ag after eating cycles showed a

(201'9) Myristic acid | Silver (A SDBS fter 4000 heati les showed

31) decrease in thermal conductivity for
nanocomposites.
Nanoparticle-enhanced phase change

Ouikhalfan materials in this study were subjected

ctal ALO.. TiO... CuO and to 500 thermal cycles and showed good

@ 01'9) Myristic acid ziric é’xi de Z(’Zn 0) thermal stability, as the latent heat

26) storage properties remained unchanged
after thermal cycles, indicating good
chemical stability of the sample.

Kazemi Since any nanoparticle-enhanced phase

et al change material requires a surfactant to

araffin s um Arabic stabilize. Therefore, gum arabic

(201'9) Paraffi MWCNT: Gum Arabi bilize. Therefore, g bic (GA)

65) is added to the phase change agent as a
surfactant.

Bahari et Surfactant sodium dodecylbenzene

ala ane sulfate was added to surround the

(2'01 9) Paraffin a-ALO, SDBS nanoparticles and prevent their aggre-

(73) gation to stabilize the nanocomposite
during the process.

Zhang et

al. In this study, SDS was used to stabilize

(2020) octadecanol | MWCNTs SDS nanoparticles in the base matrix.

(74
The thermal stability of paraffin wax

George Conductive polvani- and its composite was determined using

et al. Paraffin wax lir(l)e (;ZNS 2 gdy Triton X-100 an accelerated thermal cycle, and the

(2020) results of the DSC analysis showed

Cu0 v
(19) acceptable stability after 0, 100, and

200 thermal cycles.
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\P/;?Zlng;_ Titanium dioxide-sil- The uniform dispersion and stability
su Paraffin wax | ver binary composite | SS1, SDS and SDBS of nanocomposite partlcles in paraffin
(2020) (TiO2-Ag) wax after 100 heating cycles were con-
(75) firmed by the results of SEM analysis.
Arshad et RT-35HC To achieve uniform dispersion of TiO2
al. Commercial | TiO2 SDBS in RT-35HC, surfactant (SDBS) was
(2020) added to RT-35HC liquid at a ratio of
(21) paraffin 4:1 surfactant to nanoparticles.
Sivashan- Sodium deoxycholate surfactant was
kar et al. Paraffin GNP Sodium dexochlo- added to liquid PCM with 0.75 volume
(2020) rate percent for uniform dispersion of
(67) nanoparticles in the base matrix.
Thermal stability for paraffin wax,
Voo - . n'finocomposite prepared with TiO2 and
ot al Tltanlum leX-. bmary nanocomposite af.ter 0 and 300
@ 02'2) Paraffin wax 1de-graphene .blnary SDBS heating cycles by analyzing the .results
@2) composite (Ti02-Gr) of TGA, DSC, and FTIR analysis clear-
ly showed the chemical and thermal
stability of the nanocomposite.
This experiment was initially conduct-
ed with a 1:1 ratio of mass fraction of
. . graphite to surfactant. However, due to
:lh cikh et l[:als):()i_phase SSL. SDS and unstable solution yield after succes-
(2'023) change graphite SDP:S sive heating cycles, the mass fraction
23) material of graphite to surfactants was chosen
with a ratio of 1 to 3. This resulted in
a stable solution except in the case of
nanocomposites made with SSL.

The percentage of use of surfactant

%23

%12

%21

uSDBS mSDS

Y44

SSL mother
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Figure 6. The percentage of surface agents used in recent researches
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Figure 7. Scheme of the fields of application of nanoparticle-enhanced phase change materials: (a) thermal chamber for heat
recovery (87), (b) experimental setup of the solar water heater (62), (c) test device for measuring TES (37), (d) schematic of
the performance improvement unit of the thermal management system of the lithium-ion battery (41), (e) schematic of heat
transfer in a glazed window (89), (f) schematic diagram for a typical PV/T/Nano PCM system (90)
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