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FEE: SRS PORHEL R s, e Se bR i P e IR, B, DAZSTR AR R F b Bt SR Al
HARERIE T oA PR R B (EPCM ); A5, LMT’%@& (CA), BIACLT AR YR80 (CNF)
1 FeCly6H,0 MR, R IE-BEIE B 45 T SAZEE CA-Fe’-CNF-Fe,05 “HES; el , LAVSBEIR aRiA gk
EPCM, 4 T EATIAE KL (CA-PCM ), it Mgk . —JCAHEA DSC IR, #E T B AR
BEAGFL A S 1853 SEM B2 T CA i A40( LI CA Fil CNF SR, R X BRI ; il it FTIR |
XRD. DSC. TGA %} EPCM. SEEME K CA-PCM #F47 T RAEFNMIA; #5 CA-PCM YRR {RIEM R, T HAE
BRI R bR . Z5IRRIT, m(BEIR) + m(BFHHER I E)=61 : 39 Jy B MR FIARAH R FH R 1 Bt i i, 0
HiEd YR A RIS R (EPCM1 ), HARASEEE N 24.3 °C, MIZARIGER 172.4 J/g; CA FRRMECN 1%
#10 1% CA-Fe*'-CNF/Fe,O5 AL £ HIYA), EHE ML ; LU 1% CA-Fe’'-CNF/Fe,0; BB M B 4671
# EPCM1, f#FiAF] 85.57%, HI#M 1% CA-PCM MIASTRIE N 24.7 °C. HALIGTE N 125.2 Vg, 4100 (k¥
PAEASG , AR FAH AR (IR AT A0k S5 R RRIR A RAR L, DL 1% CA-PCM HESUAR
FRHY PCM B THERHCIE N T 51.3%, MERIEIZER T 43.5%.,

KR AL REAAER YR YE; [ ETRE GAHRME, @56 Thfetkl
FESES: TB34 XEERIAE: A XEHS: 1003-5214 (2026) 01-0060-09

Preparation and thermal buffering propertiesof capric acid-methyl palmitate
eutectic supported aerogel composite stereotyped phase change materials

LI Jinzhi, HAO Yupeng, WU Ya'nan, ZHANG Wengi, TANG Bingtao, ZHANG Yuang"
( State Key Laboratory of Fine Chemicals, Dalian University of Technology, Dalian 116024, Liaoning, China )

Abstract: In order to achieve the temperature regulation on phase change materials and solve the problem of
leakage in practical applications, binary organic eutectic phase change materials (EPCM) were prepared by
melting blending method using capric acid and methyl palmitate as raw materials, while double cross-linked
CA-Fe’'-CNF-Fe,0; aerogels were synthesized from citric acid (CA), carboxylated cellulose nanofiber
dispersion (CNF) and FeCl;*6H,0 by sol-gel method. The composite stereotyped phase change materials
(CA-PCM) were finally obtained by loading EPCM with double cross-linked CA-Fe**-CNF-Fe,05 aerogels as
carriers. The eutectic point of capric acid and methyl palmitate was determined by step cooling curve, binary
phase diagram and DSC. The influence of CA mass fraction (based on the total mass of CA and CNF, the same
below) on its micromorphology was analyzed by SEM. The EPCM, aerogel and CA-PCM were characterized
and tested by FTIR, XRD, DSC, TGA, followed by assessment on the thermal buffering performance of
CA-PCM as insulation material in building models. The results showed that m(capric) : m(methyl
palmitate)=61 : 39 was the actual eutectic point of capric acid and methyl palmitate, and the eutectic system
(EPCM1) was formed by physical mixing, with the phase transition temperature of 24.3 °C and the enthalpy
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of phase change of 172.4 J/g. The aerogel 1% CA-Fe*"-CNF/Fe,O; prepared with a mass fraction of 1% CA
was of much more uniform pores and more regular morphology. When 1% CA-Fe**-CNF/Fe,0; aerogel as
skeleton was loaded with EPCM1, the loading rate reached 85.57%, while the 1% CA-PCM obtained
exhibited a phase transition temperature of 24.7 °C, and the melting enthalpy value of 125.2 J/g. Moreover,

the phase change temperature and enthalpy value did not show significant change after 100 cold and thermal
cycles. Compared with that of the plastic foam model, the heating time of the PCM model using 1% CA-PCM
as building insulation material was increased by 51.3% and the cooling time was extended by 43.5%.

Key words organic eutectic phase change materials; carboxylated cellulose nanofibers; aerogels;

steroeotyped composite phase change materials; energy efficiency in buildings; functional materials
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WEE, MBI RFRES T 49.58%. Hii, ©
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1% ), HEMAEZRHHARAF; FeCly6H,0, EZy
LA R AR 20K (Bissar 80 25% ),
BT R LA 8 r Hr i

FTIR-6700 %A HL A5 21 S35 (FTIR ),
HA JASCO A#); DSC 204 2% F1 4 Y
(DSC). TG 209 BIFEs3H74L ( TGA ), FEE TA
Instruments A &) ; D/Max 2400 % X Hreefiz 5L
(XRD ), fif2% PANalytical /2 F]; NOVA NanoSEM
450 RIFHEF RS (SEM), £E FEI A¥l;
LFA467 ROt S AL, 18 E Netzsch 2 Al ;
EscaLab250 % X ST FREIE(L (XPS), EH
Thermo Fisher Scientific 2Y#); FDU-1200 % EL.Z5 %
T EEAY, HA EYELA 2AH] .
1.2 Fi&
1.2.1 = nA bk dhH &

B, MR¥E Schroder-Van Laar 7 24 &R 51 %%
PR - A R T H g oot A AR, 4 o 2% e A b i e H
Fis BB B 2.0 g, it 7E Matlab #04 h SE B 48
i, A3 IS I o m(BER) © m(BEAE R
fig)y=61 : 39, HIRHALIRE R 21 °C. AR5, #d
2 i) 2% W - A T PP o A v il R LS
Prdbh b, LR, 8 28R AR AR R R R S o iy
2.0 g, FH m(EMR) « m(PFHIR W EE)=10 : 90, 20 :
80, 30:70, 40 :60, 50:50, 61:39, 70 : 30,
80 : 20, 90 : 10, Z3 7l R HC 5% R Fl kR R iR P g &
F 5 mL BEIEAE ST, SR EAERCE T 60 °C
A T, Z TR IR A B 1 h,
AR R RIR GBS G SR P, BRI MR
HIFET 10 CHEEHLRAE. Hd, m(EER) : m(FF
RETR I fi)=61 : 39 il & A9 — oA HLIL S ARAE B4 RHE
& EPCM1,,
1.2.2 A &

K IS -BE TRl 8 SBEIE . LI . B, [
FE CNF Fl CA BFEN 10.800 g, K 10.694 g ) CNF
H10.106 g ¥ CA BT 25 mL 4R, 7£ 800 r/min
Pt 20 min JE AL CA FT i 43800 1% RIS IR BEIE
LK 1% CA-CNF; 25, FREX13.514 g 1) FeCly*6H,0
F 100 mL £ Tk, BUSHRE R 0.5 mol/L i) Fe’*
W, W3 mL _EiREHOMAS] 1% CA-CNF H, Jf

4 Z2T 800 r/min FHEHE 20 min SR & ,
10N 1% CA-Fe*'-CNF; FJ5, ¥ 2 mL ZUKIAZ] 1%
CA- Fe*'-CNF 1, Jf4kZ:T 800 r/min 4+ 30 min,
Bd B Fe’ LA Fe 05, 3B XCCIREEIAK R ,
10N 1% CA-Fe''-CNF/Fe,05 3ZBREENL . ¥4 H B Tk
FEP-18 C¥ ¥ 12 h 5, A B RH TR
7R TH: 48 h (86 °C, 2Pa); fJa, W TIRG
FE&LE T 150 CHEAR TP T4 12 h, 1338 X3 Hk
CA-F&''-CNF/Fe,0; K B ik, id A 1% CA-Fe''-
CNF/Fe,0;.

M 1% CA-Fe*'-CNF/Fe,05 14507 2 il
B¥, 8% CNF a4 10.800, 10.746. 10.588 .
10.476 g, XTRif) CA B4 0. 0.054. 0.212,
0.324, il B BACHREE I CA i 551 0.
0.5%. 2%. 3%, HI&HIIELEHE CA-Fe* -CNF/Fe,0; X,
BEWE A 913 M 0 CA-Fe* -CNE/Fe,05. 0.5% CA-Fe*'-
CNF/Fe,05. 2% CA-Fe*'-CNF/Fe,05. 3% CA-Fe*'-
CNF/Fe,0;.

1.2.3 EMA8E M &

KA R L g e A AR M R . 1,
F it HH) EPCMI ITA R, SRIS T 0.564 g 1%
CA-Fe’'-CNF/Fe,0; i H:5¢ 412 W AE M AR M R, s
PEFRE T 50 °C. —30 kPa B ELZSHEAR IR 2 h;
wJE, MBI R I E R 2 R AR AR, 155
CA-Fe’'-CNF/Fe,05 T #5E fis 3 28 IR - el i P 156 AT HIL
W E A& EIEMAME (CA-PCM ), IEH 1%
CA-PCM,

218 1% CA-PCM Wil 85 7 ik A0 B8, P82 1%
CA-Fe’"-CNF/Fe,0; 5 0 CA-Fe*'-CNF/Fe,05. 0.5%
CA-Fe’'-CNF/Fe,0;. 2% CA-Fe*'-CNF/Fe,05. 3%
CA-Fe''-CNF/Fe,0s, il 5 2 A M B 4510 A
0 CA-PCM. 0.5% CA-PCM. 2% CA-PCM. 3%
CA-PCM,

1.3 FRESMK

VR 2 PRI 2 g KESLE T 5 mL AEMIR
R Sk W E AR A R IR = R (60 °C ),
Bt I R A it e B B KoK b, e s HIR BE A AR Ak
2 g . TRAUbIC AR B R SEMIBE R 1 s

DSC M % ;38 3k DSC M 52 AHAZ A4} %) AH 728 ek
FUAHAS RS, A, FHRRIREE 0~50 °C, F+
[ # % 5 °C/min, FTIR Jli: KBr JE R %, J%k
TLE 4000~400 cm ™, A3HEF 4 em, AL 32 K.
XRD Wi : $E4F Cu, B H K 40 kV, B HI 40 mA,
Ko 5F48 %K 0.1541 nm, 5% 10 (°)/min, 3
T 5°~80°, ETERRMIR : # CA-Fe*'-CNF/Fe,05
A S 3 5% TR - R TR R iR A L R R A e TR A AR
MOEHE T 50 CRUSI T B, FHE A PLIC %
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IS ARG AR 754k . SEM I3t : #E i 4s, fRf fif)=61 : 39 i, Z5R-FEME IR B e —JCiR &9 3t A
TYRHL T (LED) B2, TAEH 20 pA, HFhE AR E AR, I, m(Z8FR) © m(BAAERR FH fiR)=61 :
B R 10.0 kV, XPS R : Al K, SRR, JFLL C 1s 39 MBS TR AR AR R HH i B 2 o 36 A 05

(284.8 eV ) MIEMEXTEHE TR IE . TGA P "

FSGE, THRIRAERE 0~50 °C, THIRH% 5 °C/min., ° 10
Y BRI 4P H10 20, 40, 60, 80 Al 0 R
100 ¥, LI HCAR A 1 FE AT S 1 2 75 i 25 40} 30050
fho GOECRIGA: B2, H 4 SRR A B R 2 30| 7030
L BEAE S0 CHERL. HF. HCRERA 2, 90
YT 3L AT SRR R L 7E 50 °C LA A R kA
BT, — FBAT S, AR R 3 or
FFIE . LATHBR 2 4% 046 AR R, IR (1) 030 30 eeo0St30 10000
HHHAAER (R, %), NI/
RI%=(m—mg)/m; X 100 (1) ot | ®
S, mo A EERE ( CA-Fe*-CNF B ) O i
B, ogs omy REAHSHRI TR, g, ® =
PPEREIINA 5 OB S A R A A % e .
BORRL, it DSC IFERE G A, FEARAESL (2) 2 \Vgggéﬁljggg 61439
HEHMTR (2, W(mK) —30:70 80220
J=DxCxp (2) —50:50
Krf: D MRHIOIY BRE, mYs; C bR T I a—
FEdt, Ji(kg K); p MMRITE, kg/m’, 40 TREE/C
14 EHFBENTR 4l -
BL 0.2 om JEAOA HLBB UM T x5 ol |m— T
RS43390 10 emx10 cmx6 cm 1 8 cm*8 cmx5.8 cm Q25 C T — ]
(RS, AEPTAER SRR T 92 2 T it B2
A CA-Fe*'-CNF/Fe,05 T K 38 Ra- i iR 1 s A3 L 15
eSS TR, B PCM B, 408 T 10
30 CHOEIRAENEAR, #EATFHEINL, MR .l

IR BT AR BT B E], PHERSEER (15 °C)

0
S PRSP D DD

SR HEATRERIN L, G0 SR R B R R O I I N MNPSOS
P ], IMT PCM A4S B i 3 , (SR : mERHHER )
BT IR BB | e 2 T o (K IR E e
B SBRRE TR, ORI, LR Jy X HoRE A 4
A o8 0 S L B P 1] (7S A T 2, e T A 7 g ®
IR MR %‘*
s #
2 H#R5itE :§%W%
21 HRARWHE , , E?m . .
1 g 3% R A R P 1S — T3t S 2 v i 2% 0 102 0 M0 e

DSC ik Ll — e,
FRAE AL SIS, RO MR [ L AR A0 R 1 K1 R[E BTR  AY 2S R - A R P S — TR S W A

S BN ST N 1a (S T LLE ik (a), DSC £k (b) FILAARIE (c); M8
58 - AR Y TR A 0 B A FRIARGT G EPCMI 9 DSC IZ ( )

o ICTAy ., X . Fig. 1 Step cooling curves (a), DSC curves (b) and organic
24.3 °C, XFRLHY m(%;\:‘ﬁa) : m(ﬁ%ﬁ%ﬁ&ﬁaﬁﬁ)—ﬁ 39 eutectic phase diagram (c) of capric acid-methyl
WK 1b i) DSC S5 ME 1 1Y 28 BR -4 HE g H TG palmitate with different mass ratios; DSC curves of

COLAHE T LLE M m(ZEER) ¢ m(hE R R capric acid, methyl palmitate and EPCM1 (d)
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Table 1 DSC results of binary mixtures of capric acid and
methyl palmitate with different mass ratios
m(%IR) : HELE GaEta HBELE itk
m(PRHER TR HREESC RESC SE/e)  KRE(/)
0: 100 22.8 339 204.0 204.4
10 : 90 13.9 31.8 191.3 192.9
20 : 80 12.1 29.8 193.5 194.4
30:70 10.9 27.8 193.1 194.0
40 : 60 9.7 26.6 183.4 185.4
50 : 50 10.5 253 168.5 169.7
61 :39 12.2 243 171.4 172.4
70 : 30 12.4 27.2 157.3 157.3
80 : 20 12.1 30.1 164.2 162.5
90 : 10 16.2 132.6 171.0 169.8
100 : 0 26.5 35.1 156.5 155.3

&l 1d i EPCM1 () DSC £ n] LA, H 2
B — B AR . R T AT, AN]SR A LR Y
ZETR AR F B — ook DSC S, B P s Ak iR
BEASARAE A S S  EPCMI AR IR BE( 24.3 °C )
HAFE—alizH ) (351% 35.1 °C, AEtiRR TS 33.9 °C)
HREAL, ALK (172.4 Vg) WA THFA4ligH 43
(%51 155.3 °C, tF#MHRH fE 204.4 °C) Z[H], i
Som(ZER) © m(AEHER B ER)=61 : 39 M 2SR Ak
1% P B S PRl i 5, EPCMIL B TR &R
EPCMI1 WYFHARIEETREE By 24.3 °C, HFFH AIRE
N IET IS AR EVE R (19~29 °C ),

P 2 A BETR EEAER F G I EPCMI Y FTIR 14

FEAATR F e 1740 ¥ ~a1690

e L0
2020 ¥ —W

4000 3500 3000 2500 2000 1500 1000 500
HB/em?

K2 2. PR . EPCMI 1) FTIR 3141
Fig. 2 FTIR spectra of capric acid, methyl palmitate and
EPCM1

MIE 2 AT LIEH, 1690 cm ™' b I & T3¢k
—C=0—4# M M%EPRzh"", 1740 em ™' kg 1T & FA%
fiel % Y i o —C =0 H i 4 = 3015 i EPCM %
E RIS AEAE 1690, 1740 cm ' AbIT & T 2R I—C=
O— e FIVRE R 2 P 18 119 —C=0 By i e shig , H

EPCM1

WA BRI AR R, I 2S R AR AR R R A R A
2z i, I 2 i mTLVE Y, BfidE EPCM1 Hh2%8 R
FIEFAR R FH IR B S el 0 5 B A R K55
22 HERRIUEDW
2.2.1 FTIR # XRD

& 3 hFR K4k CNF. 1% CA-CNF. CA. 1% CA-
Fe’"-CNF/Fe,0; 1Y FTIR 1% Fi1 XRD 3[4 .

a

1% CA-Fe*-CNF/Fe;03

~ |
1% CA-CNY ~a.2910 " .
4 1650 1550

PR EEALCNF| Vs
~. |

CA
1590

e el
1760
3355 1730 1680

4000 3500 3000 2500 2000 1500 1000 500
WeE/em™

T

b

1% CA-Fe**-CNF/Fe;03

W

10 20 30 40 S0 60 70 80
20/(°)

E 3 ¥4k CNF. 1% CA-CNF. CA. 1% CA-Fe**-CNF/

Fe,05 1 FTIR 5[5 (a) J XRD i%F (b)

Fig. 3 FTIR spectra (a) and XRD patterns (b) of carboxylated
CNF, 1% CA-CNF, CA and 1% CA-Fe*'-CNF/
Fe203

M 3a T LIEH, CA 1E 1680, 1730 1 1760 cm™
Ab Ry C=0 R MR g, 5 3CEk[20]— 3. RAE
f& CNF 7£ 1590 cm' &by C=0 i i shide
2910 cm ' &bl C—H HERH4EIRBIE, 3355 cm!
b —OH B4R 8h i1 1% CA-Fe’ -CNF/Fe, 0,
SEERETE 1550 FIl 1650 cm ' AbH YIRS B T C=0
R gt s, HEREERE ), XOEHR TEIA
F'fG kAT & mEATEM.

M 3b AT LU Y, R FE1E CNF /) XRD & &l
TE 20=16.5°,22.5°F1 34.2°kb47 5 1 43 5 X6F 1oy 1 4 %
AR E(110), (002). (040)f 1A ; 7E 1% CA-CNF
Fl 1% CA-Fe’ -CNF/Fe,0; HtlL i B T 3k Bb 4% 1
1E 1% CA-Fe’ -CNF/Fe,0; 1 [ it BE I i WL 28 3| 75
20=32.5°.40.6°,52.9° 58 4° 4L (AT HHI , X 5 Fe,0;
bR A (JCPDS No. 39-1346) H1(311). (400).
(422) . (S11) i 1 A7 S g A X6 g 121



R

P2, A ZERR-PEARIR P R SR T BRI A A R T A AL BRI i o S Gz ph P fiE © 65+

2.2.2 XPS
Kl 4 & 1% CA-Fe’'-CNF/Fe,0; S EEH 1Y XPS
TS

a Ols
Cls
Fe2p
800 600 400 200
iEhkleV

b

Fe2p,,

Satelit
Fe2p,, atelite

730 725 720 715 710 705

i ahk/ev
c /Yc=
c—0
Fe,0s i %
AN
528 530 532 534
Ziatev
d c—C
— Cc—0

290 289 288 287 286 285 284 283 282
A REeV

K 4 1% CA-Fe*'-CNF/Fe,0; i) XPS 41 (a) M Fe 2p

(b), Ols (c), Cls (d) Hsr¥E XPS %

Fig. 4 XPS full spectrum (a), high-resolution XPS spectra
of Fe 2p (b), O 1s (¢) and C 1s (d) of 1% CA-Fe**-
CNF/F6203

B 4a SEEREHY XPS A% TTLIE H, HAETE
Fe JLE . \ME 4b SHEEME Y Fe 2p B4y HEIEEI AT LA
. Fe 2ps;, BB G BLAELS A HE 711.2 eV A, Fe

2pin BUE I TELS G RE 724.8 eV &b, Fe 2psp
() TR IRAEZS A RE 715.4 eV b1 S50,
KB TBRAFAE Fe''4h, IB1FHE Fe,050 Fe 2pyn Bl
T B IEFIAS TARERLIE R 710.8 eV Al 454 BENL
B, XEBEE N, Fet SR E T R AE,
BRI SRIL L T-RE ST, Fe SR W T 55 RIS |
JiHEaR, PSS AR . AL 4e SBELY O 1s
FOPEEE AT LIEH, C—O B I AE S A e
532.9 eV &b, C=0 HMIEHBIAELS A HE 531.5 eV
Ab, Fe,O; dnig A MW LAELS S HE 529.8 eV A,
WAF A L ) 45 A RENLRS AR T IUIA] 4d <
) C s o HEE T UG, C—C BEpyig 3
TELE A RE 284.4 eV A4b, 1] C—O BRI HBFE LS &
fE 286.0 eV 4k, C=0 H Y& PLAELS 5 HE 288.3 eV
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Fig. 5 SEM images of double-crosslinked CA-Fe®'-CNF/
Fe,05 aerogels
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Fig. 6 FTIR spectra of EPCMI, 1% CA-Fe*'-CNF/Fe,0s5
and 1% CA-PCM
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Fig. 7 SEM images of 1% CA-Fe*'-CNF/Fe,05 (a) and 1%
CA-PCM (b)
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Fig. 8 DSC curves of EPCM1, 0 CA-PCM,0.5% CA-PCM,
1% CA-PCM, 2% CA-PCM and 3% CA-PCM (a);
Loading rate of EPCMI1 on stereotyped phase
change materials (b)
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Table 2 DSC results of EPCM1, CA-PCM
WS HELH edia e 11k
WREEPC WESC RMEE)  KRIEO)
EPCM1 12.2 243 171.4 172.4
0 CA-PCM 11.5 24.1 68.7 69.3
0.5% CA-PCM 10.7 24.5 122.4 117.0
1% CA-PCM 8.4 24.7 126.8 125.2
2% CA-PCM 10.9 234 79.2 79.1
3% CA-PCM 9.3 27.7 108.4 110.1
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Fig. 9 Leaked photographs of EPCMI1 and finalized renderings
of aerogel
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Fig. 10 Thermal and cold cycles curves of 1% CA-PCM
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Fig. 12 TG curves of EPCM1, 1% CA-Fe*'-CNF/Fe,0;,
1% CA-PCM
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Fig. 13 Thermal conductivity of 1% CA-Fe*'-CNF/Fe,0;,
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