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Research progress on supercooling degree suppression of inorganic
hydrated salt phase change materials

Wen TAO, YiZHANG", Xiangfa KONG, Wanchun ZHANG, Chuangang FAN

School of Materials Science and Engineering, Anhui University of Technology, Ma’anshan, Anhui 243002, China

Abstract: Inorganic hydrated salt, as a kind of important phase change materials (PCMs), possess the characteristic of
high latent heat of phase change, easy availability and high safety, has a great potential in the application of middle-
low temperature thermal energy storage in the future. However, the inherent supercooling and phase separation of the
inorganic hydrated salt decreased the thermal stability of these materials, and these problems always resolved by adding
nucleating agents and thickening agents. The leakage problems of hydrate salt in liquid state always resolved by the
absorption and the microencapsulation method, to limit them in a certain area. So far, by means of porous matrix
adsorption, such as expanded graphite, bentonite, foam metal, inorganic hydrated salt PCMs can be absorbed in these
matrix and well packaged to prevent them from leakage. Through the microencapsulation method, inorganic hydrate
salt can be encapsulated in the organic or inorganic polymer shells such as polymethyl methacrylate, melamine-
formaldehyde resin or the polyurethane, inorganic SiO; shell is another choice for the encapsulation of the materials.
Through the absorption or micro-encapsulation method, the dispersibility of the inorganic hydrate salt can be further
improved, the supercooling degree of the inorganic hydrate salt can be reduced and the phase separation can be
modified, the thermal stability of the materials can be further enhanced, which is an effective way to conquer the
leakage problems of the inorganic hydrate salt in the phase change process. In this work, the study on the supercooling
and phase separation of inorganic hydrated salt were summarized, for the inhibition of the supercooling and phase
separation of inorganic hydrated salt, some methods including absorption of porous materials or microencapsulation
method were proposed. Finally, suggestions for future research on energy storage using inorganic hydrated salts were
provided.
Key learning points:
(1) Advantages of inorganic hydrate salt that used as phase change energy storage materials were summarized.
(2) Supercooling and phase separation suppression method of inorganic hydrate salt by adding nucleating agents and
thickening agents were analyzed.
(3) Thermal performance improvement of inorganic hydrate salt by adsorption of porous supporting materials and
microencapsulation method were summarized.
Key words: inorganic hydrate salt; phase change material; nucleating agent; porous materials; microencapsulation;

supercooling
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Table 1 Some inorganic hydration salts and their thermal properties that commonly used as phase change materials

Inorganic hydrate salt Phase change temperature/'C Latent heat/(J/g) Density/(kg/m?) Reference
CaCl,-6H,O 29 190.8 1562 [19]
Na,;S04-10H,0 324 254 1485 [20]
Na,S,05-5H,0 48.5 197.5 1600 [21]
CH;COONa-3H,0 58 246 1450 [22]
Ba(OH),-8H,0 78 265.7 1937 [23]
Mg(NOs),:6H,0 89 162.8 1550 [24]
KAI(SO4), 12H,0 91 184 1757 [25]
MgCl,-6H,0 117 168.6 1450 [26]
Na,HPO,4 12H,0 34.5 265 1422 [27]
C,H,04-2H,0 105 264 1653 [28]

2 AR AZA

BT AFAEAOR H st V4 BEFNAR 23 85 10l i, 46K 2 4500
WK G ERAE A AR IR RS T Teik 4 b k%, T 7E(K T A
AUREE N R AARAE, AR A PRAE, s AR g
PAEREM IR BHT, 0N AN B 77 A2 i 4
FEE R ES S A 4 B AR B LA U 732, iR B I 2 TEALK
B R I PRI B B R, A R e AR AR 5 S
ETHKE BN A E T AR, 4. RIEAR
TR E EARARL & P, UK G - R
74k 245 Na,S04-10H,0 5 NayB407-10H,0, CaCly-6H,0
5 SrCl-6H,0, Nay$,0:-5H,0 5 NasP,07-10H,0 J
CH;COONa-3H,0 5 KCI 5. # FH I3 A8 7504 el = 2 A
TR LR (CMCO). 2 LILT 4K (HEC). BN
I (PAM) TR IGIREA(PAAS) T LG (PVA)FIA fig
o BN, KM B INGK 0-ALOs, 1EA—FhgK %
A, FRTEHIK A it ¥4 FE A B B 0 SRR

2.1 FHKEERRBAZF

(1) BERERRKEY . H5HATHIKEEAHLL, B
BRER RISV FE UK, B o iz 4l v, & BAE N A% R
. #H LZPME CH:COONa3H,0 H A 2wt%
Na;HPO4- 12H,0 AE RN, Hoad v B AT el J R (1)
15 C#ER3C, JEEMA 1wt% Na;HPO4 12H,0 H
2wt% R L LT 4E K AN(CMO) I, A FEiE— SRR &
2.6°C; Zhang ZBUHFFRIN, Lh NasP,O7-10H,O(TSPP)
N A% T B NaxS203-5H,0 IRt 4 B A B B AU,
B 0.08wt% NayP,07-10H,0(TSPP) A% 7 A1 2wt% 58 A
IR BN (PAAS) AR AT, AHAZ A B A T BE 22 3.6 C o

(2) SrCl-6H,O FHHIRD . %of B A [F) 28 i B 1) e ALK
& #h, SrCl-6H,0 ANBb A e i A AR FE, 174 FE#L
N, GRS, BA RIFIEUZIER . Shahbaz 456!
W9 75 CaCl-6H,0 fi BLAH[FI ) SrCl-6H,0 SN R 7

X CaCly6HO ¥4 FERIFEARAEA, 45 SRR B I
75 CaCly-6H,0 374 FE 1 18 ‘C 4 E] 1.23 °C; Li 25032
# MgCl-6H,O Hil CaCly-6H,O HEAT IR A il f S 2526
RAY), 13 BAHARIR B TR I TEH LK G SRR AR DA
SrCly- 6H,0 F SrCOs NEiUZF ¥4 LA 42 (HEC) N
SEF TN AT ¥ BEAA 2 AR E, S5 RRITIA 3wt%
SrCl-6H,0, 1wt% SrCO; H1 0.5wt% HEC J& AR IE N
101.5 J/g, MIARREZ N 25°C, LA FERERR 15°C
WHEE 21°C, HEMAE; Xie FBWHITT
Na,SO4 10H,0-Na,CO3- 10H,0 3 i #h A LR KL, PLY
P B A ) 2 B (NaaB4O7- 10H,0) A % 711 45
BRI LR IB RN 2wt AT G R B R A AR AR i
AEER 0.72°C, HASUE 5 S AR AR AR AR iR B2 FIAH
2.2 HKRAEAZF

9K a-ALOs B A EGRMBULIER . GUKkMEL AR
BRI PSR AR AN R 47 PRI MR B 2808, RT A Ay ik 751 I FH
TIEHK G rpos 3 eleste FLad v B2 1) B 1o AR
FAZ, AR R8N BT BB A Rl B AR TE WK & $hid
AR, HIgs KA MEAfR E M RE. Liu S5B4L
HiA2 N 70~200 nm IAK a-ALO; Bt & 15 B0 1 Bl
7 AB#AK NaxSO4-10H,0-Na,HPO,- 12H,0 3L i /K & £
(EHS)HIE A, FRIAAK a-ALOs Al 4.5wt%44K o-
ALO; Xttt J5 EHS 1) SEM B H ik 1 fin, A XKN'E
WA/ EHS SaARRORL, B XONZ-EUIAK o-
ALOs Biki. ATLAEH, 49K a-ALOs ¥ /3 AifE EHS
b, BABRRIRIR, DRSSz LR ER,
REAR I b B 3 i BRI OO 5 o, PRI A
LB 45Wt% K a-ALOs Fl 1.OWt%BIIb I, il &2
E AR RAHAR IR EE A 31.2°C, MATE N 280.1 /g,
At AR, ARG 7.8 CHE
1.6°C, M EMEARNERR. Li B FR I AR
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a-ALOs A RAZ TR F L1 4 (CMC) 335 B8 771 7T 56 42
JHB% CH;COONa-3H,O-KCl B & ik Rid A%, £ &
R 50 NURAIEH K, 99K ALOs f1E
CH3COONa-3H,O-KCl H345) 4347, AHAZ W AN AR AZ I
PERERRE . TEM IR

PEREARFFAAL, T &,

GRS AR AT IR AT A R A
BETTHR R UK & ST R R g 7 B L v 5 ]
o 3R 2 DRI RAZ TR A SE AR 7R B 0 TE LK £ Eh A
BEFRIRIT FLHLAR o

B 1 EIRAK a-ALOs HH IR T () Fl 4.5wWt%44K a-ALOs itk EHS frU434H T R FIEE 7o 2 T AR 43 A7 [ (b) 134
Fig.1  SEM image of raw nano a-Al203(a), SEM micrograph and Al element area profile of 4.5wt% nano a-Al2O3 modified EHSP4
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Table 2 Recent researches on the thermal properties of some inorganic hydrated salts by adding nucleating agent and thickening agent

Nucleating agent/

Phase transition

Hydrated salt . . . Latent heat/(J/g) Supercooling degree/'C  Reference
thickening agent temperature/'C
CH3;COONa-3H,0 Na,HPO,4-12H,0/ 573 190.5 2.6 [29]
carboxymethyl cellulose
Na,S,05-5H,0 Na,P,07-10H,0 42.5 202.1 3.6 [30]
CaCl,-6H,O SrCl,-6H,0 22 135.1 1.23 [31]
CaCl,-6H,0-MgCl,-6H,0 SrCl,-6H,0/SrCOs/ 25 101.5 2.1 [32]
hydroxyethyl cellulose

Na,S0,-10H,0-Na,CO;-10H,O Borax 23.98 110.3 0.64 [33]
Na,S04-10H,0-Na,HPO4-12H,0 a-Al,Os/borax 31.2 280.1 7.8 [34]
CH;COONa-3H,0-KCl Al,Os/carboxymethyl cellulose 35 232.29 3.1 [35]
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TE W A AR A R B 3k 22 LA R ] % e R AE AR
R fif TR TE LK G Eh ARSI ARk i 4 B2 AR ek 22 A A%
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B, B3 TN 24 R, BABRIIHE
AR, AE A AR SCHER BT R0W B TEH K & E AR AR
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T2 RHNEK S B . e b IR R <R
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A ERARAS A R IR A R R BUA R i 1 . AR
KT, 2R R 450 i 32 TR 2K NapS203-5H0
W PR E N EZIK A SR, 25 R4l Na,yS,05-5H,0 ¥
ER L, 2 16 CL BN EG J&, #14% NaxS,0;-5H,0-EG
HAE MRS A AR ATRE S 0.6°C, HAEA R 1L
Na;$:03-5H,0 KA A B, E45 564 Xiao 4507
A I s ) AV A& TR R RN 50~300 g/L PRI
EG(MEG), il e 32 = H 5 TTH UK & A A, I
W HAZ N SERE Ba(OH),-8H,0 Hhhl # 5& AUARAE bE ek o
P 2(a) M1 2(b) MEG W Fff Ba(OH),-8H,0 & A #HA 1K}
) SEM & v, &l 2(c) 1 2(d)43 1l Ba F1 O TG 2 M55 ]
1%, FIRIERAAS AR Ba B O JCER A5, R
Ba(OH),-8H,0 #35W ffi7E MEG . 758 & AR M k)
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HIEHLZK B #h 5T 520 B0 = AT IA 93%, IR B 4R
#1, MEG %8 200 g/L i, AR RN SR ECN 3.58
W/(mK), AR g T 1.84 5. MEG 1E R
¥4 2B Ba(OH),-8H,0 HIfE, HEAEK
A FLBR I AE T, T 23] Ba(OH),-8H,0 AH43 5 ; Zhou

SEDSM DG S5 I K A SR MgCl-6H,0, 45 R I
AiAHAZ A L MgClo-6H,0  AHAZ 1 #RI 5 3 R 5003 3l
144.2 J/g A1 0.465 W/(m-K), EG FiEHCHN 18.8%MHF,
ERFAF RN 116.7 Vg, SIMABCH 3.588
W/(mK), A ERKE 1.3C, HBEINEAHE,

K2 MEG "ifff Ba(OH)2-8H0 & -&AHAE A BHARE Hh 4% Kl (a) Fl(b) £ Ba (c)F1 O (d) )75 3 Wb & 37)
Fig.2 SEM images of MEG adsorbing Ba(OH)2-8H20 composite PCM (a), (b), and element mapping images of Ba (c) and O (d)B*7)
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FIFHTEHLZ AL W4 BEX TEHLAK G SR g A7 W b, i
R AR B SRR R PR BN, BE R TCHLK
G A E IR R L FAMERE. Liv SRR EE -
(Bentonite) W fff, Ik A GUKRBRALEE(SIC)BURL I 75 3K
$E 1 CH3;COONa-3HO(SAT)AHAEM K} 1) T # L BE, PRI
FO VA R, 25 SRR W AR F i R B, A AR
I FE VL e W B, =AM B I
/SIC/SAT JfiZ N 26:10:64 i, & AR KL A B ]
56 44 B s Rao &5 FOVR| H 2 K 2 2k & (EP) WK B
Na,CO3-10H,0-Na,HPO,-12H,0 3L/ h(EHS), 455 %
B K 70wt% EHS/30wt% EP il & 52 & A b R A AR 7
O 198.44 1/, MIARIR N 26.94°C, FEARTERR T ¥4,
W NN (T 7 =

% SR AE R B 2 v — D7 T AT A Dy R 7 PRI
THUKE TR, 5 — 7 T AH AR A RIS B 47 1) 4y
BUE R, I8 BA AW S TR A 2548 40 B 0 B 1. Bk,

K 2 LB B, 38 AN 75 400 BSAZ 75 A0 385 8 77 By
A8 EH A BEFIAR 73 B H IR A TR R
FLERAEL, L2 A0 IR — B BE %, B
RMABUN, SBAEERAEMEI S EHERA, B
NJEAEAE 2 B FE FRACAR A AR A AW Fv e R,
WAl PE AR I 22 FL IR 5 B ) 2% EL A 850 v A AR 98 i
ANEARAL ¥ B (1) 52 & e B AR A BHME AR o

TR KB R IS A Si0, ki 42 8/ (K42 <100
nm), HCREFK, Ak 400 m¥g, R /58, HS
A A RE B TALEE A o NS KM 2 AL 5k
TE(SIO) N FEM I, (ERMTK T, B4R A
ERR, TEHUKA TR Si0, ZALE5H F, W FTEAL
IK A R T BRAR L A B« Zou 2514101 TBAB(IY | #E iR
s ) KGN &M E, BFR T R Z A
Na,HPO412H,0 Xt TBAB 45547 MR, 45 F R
H K it% T TBAB JE S A S MRS, ARRLEOR, 24
N 220 pme IIANAZ G, FEIE S ZA/ER T, TBAB
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B2, SRR/ 180 um, &b A% R AT AFE
REnaE, (R RIZKR, TR T RS0 1 b ik
ghik). 2L Siop BT LLBIA 30wt%f, REiAEI R
UF I AR, A AR M RL I A FEAS 218 B AR, 2
N2C, ARER—EmBERE—CREE LFIKT S 6%
MARIPIAE AT . Peng W F T+ /KGR EA —
%4 (DHPD) & & < AH = % b £ (Si0) T B 1 & &
DHPD/SiO, MIAEMEHAERE . 45 BRI 2wt% )<
A Si0, B, WA ERTH 144 CHZE 8.7°C, ZLAM
SiO; 2L FIER, A %FK T DHPD ¥ B, et
DHPD/SIO, & &AM BHAHAZ IR 28 33.99°C, FHAEHE
O 211.8/g, HA RIFHIFEEME LA BS54,
EERBAECW%) T, S SiOy X TEHIKE EhAHAE
RHG Mg R FRGS A FE RN 8.7°C). Rk, W] 5 FEAE
BARSAME Sio, BET, BAHAEA = SRR
KMEL, WnBRGRAE S, I8 BIA A AR AT T

FEARTE MK & R 174 FE ANk AE 20 25 0 H 1
3.3 A EEIRHM

WK E B R LA 5 EER 90% L B £ L4
JEM R, X FMEHGERTAR, WHEE S, "I T
WP TEHLK G ER R . JAARVE IR & B i —28, i
P AR, & H WA TEHIK G ER AR Zhao S5143)
-+ =K & W R S — £ (DHPD) A1 ¥2 FE W JE 27 4 %
(CMC)H Pt CH;COONa-3H,O(SAT), I FH ¥ A 4 W it
SAT, £33 W] DHPD it N 2%, SAT/AEM R
E MRS A BEARXT RN, 2108 4.6°C, AHARTE
N 253.61/g, AIARIEE RN 58°C, H.ZWAEI G ittt Al
P EISR, EEMEMESAERH RS, AAR
UFIARRERE A7 RE 7, (BRI XS T TEH LK A A AR AR
(O3t A B B 3 AR AN I IR o 36 3 NI AESR Z ALA R
B TCATLAK A R PR It V4 B2 (RO BE FL AR
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Table 3 Recent advances in thermal properties of inorganic hydrated salts absorbed by porous materials

. Phase transition Latent Supercooling
Hydrated salt/solution Adsorbent Reference
temperature/ C heat/(J/g) degree/C
Na,S,03-5H,0 Expanded graphite 39.4 192.5 1 [36]
Ba(OH),-8H,O Modified expanded graphite 77.8 238.4 2.4 [37]
CH;COONa-3H,0 Bentonite 60.13 163.59 ~0 [38], [39]
Na,CO;-10H,0-Na,HPO4 12H,0 Expanded perlite 26.94 198.44 ~0 [40]
C¢H36BrN solution Si0, 8.17 111.6 2.11 [41]
Na,HPO, 12H,0 Si0, 33.99 211.8 4.1 [42]
CH3COONa-3H,0 Foam copper 58 253.6 4.6 [43]

4 R EREEA

TR FEAN AR (10 2H B B A5 BE A AT AL AN
A TR G SRR B REA A R EARAS, [R5
HRFEHATRERAC e, SKHLRE R MAA Al SR, I B
PO RO, FERUIR IO Bt B P e UK &
SRR, BRSSO FEAR AR R, [l
Tl 1) BRI A P RDRE TEN LK 45 2 BR A 4E — 5 XA
FEHTEREE, KBS R EAUK & o Bk sen H (1
U B 4 2 T ALK 75 ERAH AR fifk RE AT R AT AEAR KA |
PR Ve FEAIAR 20 B 1R A, S U FERR SRR, e
UK & ERAPERE A A B B2 fl, H 2RI

(1) PR m T UK G SRR R 73 AR
VEBE, BEAR T WK A SR A . BRI, ke en:
M PEFA SR T AR ORI i LU R TR, I 15844
4h b, FRAR TBM B M), Huang MR A&7
Rk, URPENGRTBRPMMA)ANEER, Ptk

AR A A (Na,HPOL- THL0) it M il £ 1 e ZE A
KL G5 REW, TERIIRTE T IIRAE 6.8 um, il
B AR T S BE M AR VN 153.9 J/g, AHARIEE N
50.11°C, A EILTFNE, MO ERER KKK £
5 BT 2& T DUBRIE A6 i 9 EEAL , NaHPO4- 12H0 s
MR BRI AR AR, AR LN 41°C, il & %
B KN 500 nm, ELAEWIZ g, t—D5
1 T TCHLK B SRAH AR R 2 M RE o

(2) T FEEERA 1)L 78 PR ) 45 T ZEAH AR A1 R AH
. BT REEMTEMIR AR A R, TR
T FEAR AR AR AT A PR . Fu 58I K
ACER BRI A, BB 2 Ik 2-F I IR R IE N BEAT, 7
ALK R P& T — RYHT AR ZEA AR AR, R
PO M e BRI R & RSN 354wt% Al
51.1wt%; Li SEH4NE ok R B R e s 4 7 JEHL Sio,
BEM 3136 NaySO4- 10H0 TR FEARZR KL, BRI,
B S LI TRTRE G, 1) 2 T I B A5 A 3] 2 X ST I I Bk
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REEH, TAERERE 2T, AN
Na;SO410H,0 13 Tk, v 201 Vg, MARREL N
30°C, MHAE R TCAH > IS Salaiin PR R T —
FREAM-LH KGR URBERH & TE, H
Na;HPO4 12H20 7K I AR 44 43 BUAE A HLAE FE R AN
FALAIH, BN LR T BR4T 4 2 (CAB) B R EE R M
ARG RN Z BT R, eI T AR T2,

il 2% AR B A A R 20 BUSUR I AR E M, O
# 7 NaHPO412H,0 A S5MABIER, A5RY
R B & B (79.2wt%) 5 T B8R ik I B B i1 4R
W, (EARSRRE R G R, SEURREMBE,
AT IARAR . R 4 I SRR B G N A ALK &
Eh P RERIIIE TR o

x4 EFERMREGEIBOTAKE R RERF R

Table 4 Recent advances on the thermal properties of the microencapsulated inorganic hydrate salts

Phase transition

Core material Shell material Latent heat/(J/g) Supercooling degree/'C Reference
temperature/ C
Na,HPO,-7H,0 Modified polymethyl 50.11 153.9 - [46]
methacrylate
Na,HPO,-12H,0 Urea-formaldehyde resin 41.5 121.2 - [47]
Na,S,03-5H,0 Polyethyl-2-cyanoacrylae 46.44 107 - [48]
Na,S04-10H,0O Si0, 30 201 2 [49]
Na,HPO,-12H,0 Polyurethane - - - [50]

5 #iEHEE

VEMIZR R RERBLI — K2, TENK G EhAH AR R
AHETZHINH], T S5 > B sk n™ H L 1
FEFIVERE . AT 3 210 B50GE T B A I A% 7R AL 8 711
BEAR LT v BE A 20 AR RE SR 25 FLEE AR B AR
P ST BOS LUK G EARR MR AT 352, B 1 AR
AR e rh R R — D s LA RE . Bk, N Tt
IR PR TCHR & # v REAIAH 7> SRR RE , B v i
VERE, PO ETREGE RIS, KA ERME
AR RER L BA SN2 RN 2318, 4 Ja BT 7L
AR AR LA T

(1) LRI UK & 80T 2 FUR R
BAAFE LR, ATEE KA ERA AR
(A OB, & Bk BRI I R S AR B (T
ZALMBL A SRR SRR R PT S BEEBOR, KOKRE
& 7 EHUKE AR R R A, SRR S
B ARSI B AR A FU R AL Si0, %5, By
B LR IR MALRE A, S — ML BB B A, AT
FERARS NE T IE B0 TR 5 ER AR AR R B e RO
B, A BRI PR X BB AR A R R AR AR T 24 R 5
Wi, [, LR T LR BN 2~50 nm) AT KR
THUKE R Bk, A R ERAR L A AR 7 AL
R TR B LT R AR PR SRR o

(2) TCHLEEM U FEA AR T Ao H AT A Bk
JE A AT TEN LK 5 ERARAERDRE, I FH HL 45 ) BR S
FEPE R TR B R B, FRARL L A FEMIUAH 2 B K A7

Migie. HATUREEM K2 RED TAHI, 55
W8, ol e e RE R, IR T 2B T R
Fio TEHL Si0, BEM HA AT S IR RE, 10 R AT A H
WATERE, BRIL, FIFTCHL SiO; BEM X EHL/K & EhAH A4
BREAT WA, RSN UK & SARAE AT R AR RE
1L A REMURH 73 18 i, O A B e 5 B PR RE MR ik
fE SiO-TEHUK & ER MU BEAR AR, S TEHLK & i
JEHE AR AR RLTE TE ) B LT 17 o

(3) AUKBRIELX TN G BRI R R S . 24
KERAEHIBRACKE A SR AR, T R AL
PR T A RE IR IR0 AR AR A 0 1R AR B Az
FETHUK & AR RHIT AL R, AR B R
N A HE— 25 4 v T R 5 I 0 HL A B R AR
FIRMAE M o I, S TRINBRIIKAE A SRS
AURBEATEL, BT FEH ALK & ERAR A AR RE 52
i f& 3 i JE ALK & ERAH AR RE ) 3 22 B

TEMAK & EAH AR i REAA R I TT A ATS 2 RE WA L 40
BB RIENTT 2 — . RETHUKE MM EERA
Efinl, HEAERMEREERES, EAERKIMNE
o, AEARERAA TN UK & AR AR A VR e, S
ST E AR SR, AETCHLK & BRI R FE
R VA P2 RIAR 7 15 1D [R] I ik — 0 4l g FL A R
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