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Phase Change Materials (PCM) for
low-temperature Thermal Energy
Storage (TES)

S

Study of binary mixtures of n-alkanes
and n-alkyl adipates as potential
PCMs

OVERVIEW

2

Phase Equilibrium Studies to
determine temperature and enthalpy
of fusion and understand phase
change properties



' The focus of this work was low
temperatures (between -80 °C and
-20 °C) for applications in the
medical sector and cold chain

The available experimental

techniques are very limited

for low temperatures

logistics.




EXPERIMENTAL
METHODOLOGY

Differential Scanning
Calorimetry (DSC)

Hot-Stage Polarized
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EXPERIMENTAL
RESULTS

n - Alkanes

Different phase equilibrium features:
eutectic, congruent melting, peritectics

Odd-even effects in phase equilibrium
characteristics

Polymorphism in odd pure compounds
and some binary compositions

n -Alkyl Adipates

Same phase equilibrium features: non-
isomorphous eutectics

Polymorphism in some pure compounds and
some binary compositions



. Partially isomorphous
nsc THEHMUGHAMS' eutectic (68:G610)

250 | 250
245 t 1245
’ L. V.
240 1 AS A T 240
5 ADA r
235 } AT F5 } 235
230 t A /1230
e 1 0 / ] X
D 225 I Sz+L /’ I 225 X
1 / 1
220 ] /s 220
/ B ]
/ } 215
U O O 0 oo m
o \ T 210
\ ]
\ } 205
Sp+S \ 2
1 N N, 200
0.4 0.6 0.8 1
Xdecane

Fig. 1 Binary phase diagram for the binary alkane system C4+C,, Published in the International
Journal of Thermophysics (IJT). 8



250 ;
245 1
240 1
235 1

230

T/K

220 }

DSC THERMOGRAMS:

X 225 ¢

250
1245
L. D
LATA [T 240
ADD /]
LA F5 } 235
A A l!l’ 230
A )
Sg+L / 225
’ )
/ 1 220
S Sp ]
/ 1 215
O 0 oo m
o 1 210
\ 5
\ 1 205
§,+|S \ ]
A =B, v 100
0.6 08 1
xdecane

Fig. 1 Binary phase diagram for the binary alkane system C4+C,, Published in the International

Journal of Thermophysics (IJT).

T/K

Partially isomorphous
eutectic (¢8-610)




. Partially isomorphous
nsc THEHMUGHAMS' eutectic (68:G610)

250 250
245 1 l245
; L. V.
240 1 AS A T 240
5 ADA r
235 } A } 235
A S 4 _
] AN ] 5
230 t ! 230 &
] A..A. l!l ] 2
X 225 ] " 1asX 8
h { 0 - SB'I' L / T ~ i
i . / 1 =
1 / 1 ()
220 ] /5. 1 T
s o
n / 1215
— O O 0 oo m
O T 210 190 200 210 220 230 240 250 260
\ ] T/K
| \ 1 205
§, +|S \ :
SAzoo.'....:....:.1“..3:....:.‘...‘200
0 0.2 04 0.6 0.8 1

xdecane

Fig. 1 Binary phase diagram for the binary alkane system C4+C,, Published in the International
Journal of Thermophysics (IJT). 10



. Partially isomorphous
nsc THEHMOGHAMS' eutectic (68:G610)

250 250
245 1 l245
; L. V.
240 1 AS A T 240
E A".A.'..A ’ 5
235 } A } 235
: ol g ~
] A ] S
230 1 ’ 230 &
] A..A. l!l ] 2
X 595 ! 125X 2
I\‘ E- o ..0'. SB + L ,’ :- l_‘_ TH E
4 " ...' : "CE
1 / 1 ()
220 /) g fo o
s o
n / 1215
— O O 0 oo m
O T 210 190 200 210 220 230 240 250 260
\ ] T/K
| \ 1 205
§,+|S \ :
SAzoo.'....:....:.1“..3:....:.‘...‘200
0 0.2 04 0.6 0.8 1

xdecane

Fig. 1 Binary phase diagram for the binary alkane system C4+C,, Published in the International
Journal of Thermophysics (IJT). il



. Partially isomorphous
nsc THEHMUGHAMS' eutectic (68:G610)

250 | 250
245 1 1 245
L A
240 - L ‘..A ....... A ,I 240

E A--'A...-A ’
235 } AT 4 j
230 } B ’ 230
- NS o
X : o / X
h 225 - N ....‘.- SB'I' L ’/ 225 ~
! /
220 R 220
’ B
/ 215
o o 00 @
o\ 210
\
\ 205
Sp+S \
llllllllllll IA I IB : T T T T : T ‘ T T T 1 200
04 0.6 0.8 1

xdecane

Fig. 1 Binary phase diagram for the binary alkane system C4+C,, Published in the International
Journal of Thermophysics (IJT). 12



. Partially isomorphous
nsc THEHMUGHAMS' eutectic (68:G610)

250 | 250
245 } 1 245
1 VL
240 } L LaeTA [/t 240
] ADD /
235 } A 4 235
230 } L ’ 230
- Ay M
X 225 1 A ! 205 X
~ i ‘_‘: ...°'. SB+ L ’/ ~
220 } / 220 3
9.' ,’ SB ‘.;.,
s / 215 &
o0 fo o joo W 5
o\ 210 %
y \
: \ 205
\ e B o S o S B ey B L
SA 200 ] , : i . i " i i : i : : S|A+| SIB ; i . i . : i 1 . : . ] 200 190 195 200 205 210 .T.:; 220 225 230 235 240
0 0.2 0.4 0.6 0.8 1

xdecane

Fig. 1 Binary phase diagram for the binary alkane system C4+C,, Published in the International
Journal of Thermophysics (IJT). 13



TIK

- Non-isomorphous eutectic
nsc THEHMOGHAMS (dimethyl-dibutyl adipates)

285 - - 285
280 <>" ~~~~~ 2 1 280
T < i
275 | o . 1 275
] = L I
270 - L0 1 270
X :
265 | o I 265
] RS I e
] R
260 > | 260
] i + Q . i
255 1 SolidA +L . SolidB+L I 2s5
250 \.-<> 250
Jererisnrasannens + ................. g s N R s + o+ + ........ L T \@. -—-9"'0 .......... i
245 + X X X X X X X 1 245
. Solid A + Solid B :
240 T T T T T T T T T T T T T T ! T T T T T T T T T 240
0.0 0.2 0.4 0.8 1.0
DBA

Fig. 2 Preliminary binary phase diagram for the binary adipate system Dimethyl + Dibutyl 14



TIK

- Non-isomorphous eutectic
nsc THEHMOGHAMS (dimethyl-dibutyl adipates)

285 - - 285
280 <>" ~~~~~ 2 1 280
I < i
275 + + 275
] °‘~~-5\_<> L i
270 T L9 T 270
X I
] i 3
265 + O 1 265 ;;
] ™. I v B
] - R &
260 © "> {260 &
] lidA +L 3 . ;
255 + Solid ., SolidB+L I 255
T \\ : 230 240 250 260 270 280 290
250 + .\ :>\__<> 250 ¢
Jererisnrasannens + ............... ¥ +++++Q @.-—-0 .................... i
245 + X X X X X X X 1 245
] u Solid A + Solid B ;
240 T T T T T T } T T ! T T ! T T 240
0.0 0.2 0 0.8 1.0

XpBA

Fig. 2 Preliminary binary phase diagram for the binary adipate system Dimethyl + Dibutyl 15



TIK

- Non-isomorphous eutectic
nsc THEHMUGHAMS (dimethyl-dibutyl adipates)

285 - - 285
280 <>" ~~~~~ 2 1 280
T A i
275 + + 275
] °‘~~-\_<> L i
270 T L9 T 270
X i
] i Bl
265 + O 1 265 ;;
] . I ¥ B
] - R &
260 © "> {260 &
] lidA+L < . :
255 — Solid SolidB+L I 555
1 \\ . 230 240 250 260 270 280 290
250 + .\ :;__4? 250 ¢
T +++++Q¢.——-¢ .................... i
245 | X X X X X X 1 245
1 Solid A + Solid B .
240 T T T T } T T ! T T ! T T 240
0.0 04 0.8 1.0

XpBA

Fig. 2 Preliminary binary phase diagram for the binary adipate system Dimethyl + Dibutyl 16



285 -
280
275
270 |

265 -

TIK

255 -
250 -
245

240 -

260 -

DSC THERMOGRAMS:

Non-isomorphous eutectic

(dimethyl-dibutyl adipates)

- 285
1 280
i o o 1 275
- L9 1 270
X
i o T 265
\‘\‘ !
R
L > 1 260
] Solid A +L SolidB+L [ 255
I \ & 250
T ++++++<>‘¢.-—-9"° .......... i
B X X X X X X | 245
Solid A + Solid B i
T T T T } T T ! T T ! T T 240
0.0 0.4 0.8 1.0

XpBA

Fig. 2 Preliminary binary phase diagram for the binary adipate system Dimethyl + Dibutyl

3

&

2

Q

[T

+~

(]

Q

I H
230 240 250 260 270 280 290

T/K



TIK

- Non-isomorphous eutectic
nsc THEHMOGHAMS (dimethyl-dibutyl adipates)

285 - - 285
280 <>“ ~~~~~ 2 1 280
L o ;
275 | 1 275
! oo :
270 1 N L I 270
X :
265 | o 1 265
] ‘~ I N
] \\ i F:
260 > | 260
: Solid A + L ot : :
255 - v, SolidB+L 7 255
250 © . X_-Q 250
] + P A
Jrre + ................. g e N TR e +i I N B <.l @Q .................... i
245 | X X X X X x| x + 245
: Solid A + Solid B i
240 T T T T T T T T T T T T T T I T T T T T T T T T 240
0.0 0.2 0.4 0.6 0.8 1.0
DBA

Fig. 2 Preliminary binary phase diagram for the binary adipate system Dimethyl + Dibutyl 18



TIK

- Non-isomorphous eutectic
nsc THEHMOGHAMS (dimethyl-dibutyl adipates)

285 - - 285
280 <>“ ~~~~~ 2 1 280
T <. :
275 + + 275
] °‘~~~.~\<> i
270 1 N L I 270
X i
265 | o 1 265
] [ ¥
] . N [ F:
260 I > 1 260
i . © L
255 :_ SOIld A + L \\\\ : 255
250 | > 250
..................................... +++++++ r 30 235 240 245 250 255 260 265
] + i
245 + X X X X - 245 K
] Solid A + Solid B i
240 T T T T 1 T T T T 1 T T T T I T T T T T T T T 240
0.0 0.2 04 0.6 0.8 1.0
DBA

Fig. 2 Preliminary binary phase diagram for the binary adipate system Dimethyl + Dibutyl 19



DSC THERMOGRAMS:

Non-isomorphous eutectic

(dimethyl-dibutyl adipates)

285 -
280 <>‘ ~~~~~ 2 1
] Q.
275 | .
! oo
270 + N L |
X
265 + o 1
¥ ]
ko N
260 i o 1
: Solid A + L o :
255 | “, SolidB+L -~
250 | >
................ ++++++++ L
245 | X X X X
] Solid A + Solid B
240 T 1 T T T T T T T I T T T T
0.0 0.2 04 0.6 0.8 1.0
DBA

Fig. 2 Preliminary binary phase diagram for the binary adipate system Dimethyl + Dibutyl

- 285

L 280

275

270

L 265

TIK

260

255

250

30 235 240

- 245

L 240

245

T/K

250

255

20

260

265



TIK

- Non-isomorphous eutectic
HSPM |mageS- (dimethyl-dibutyl adipates)

285 - - 285
280 <>“ ~~~~~ 2 1 280
T < 5
275 1 1 275
i M i
270 + N L 1 270
X i
265 o 1 265
1 ‘\ I X
] R
260 I > 1 260
? Solid A + L 2., . ;
255 . SolidB+L 725
T + ................. g e O g L U +o + ........ Lo J \Q. -——Q"’o .......... i
245 | X X X X X X X 1 245
; Solid A + Solid B :
240 -—+ i ———— 1 240
0.0 0.2 04 X 0.6 0.8 1.0
DBA

Fig. 2 Preliminary binary phase diagram for the binary adipate system Dimethyl + Dibutyl 21



TIK

- Non-isomorphous eutectic
HSPM |mﬂgeS- (dimethyl-dibutyl adipates)

285 | - 285
280 <>“ ~~~~~~ "4 1 280
T < ;
275 + K + 275
: o‘s,_““\o F
270 + N L 1 270
X I
265 © o 1 265
] I X
| . [
260 + > 1 260
255 Solid A+L ‘wa\ : | 255
_ ., SolidB+L 7
250 -
245 -
240 |
0.0

Fig. 2 Preliminary binary phase diagram for the binary adipate system Dimethyl + Dibutyl 22



TIK

- Non-isomorphous eutectic
HSPM Images' (dimethyl-dihutyl adipates)

285 285

280 280

275 275

\\\IIIII\\{?II\
l"
[
<

270

s
N

265

260

255

250

245

240 T T T T T T T T T T T

o
o
o
[N
o

Fig. 2 Preliminary binary phase diagram for the binary adipate system Dimethyl + Dibutyl 23



TIK

- Non-isomorphous eutectic
HSPM Images' (dimethyl-dihutyl adipates)

285 |

280 €. "4
275 1

270 |

265 +

260 |

| . e z
255 SolidA+L " SolidB+L | 255

250 T \_4} 250
i + + 0 50O N |

-+
245 | X X X X X X X 1 245
; Solid A + Solid B :
240 —7+—+—+—r—F+——7—+——+————————F+———————F+————————+ 240

0.0 0.2 0.4 0.6 0.8 1.0

XpBA

Fig. 2 Preliminary binary phase diagram for the binary adipate system Dimethyl + Dibutyl 24



TIK

- Non-isomorphous eutectic
HSPM |mageS- (dimethyl-dibutyl adipates)

285 - 285
280 <>“ ~~~~~ % 1 280
;T o z
275 + 1 275
z M . i
270 | N | 270
X i
265 | o I 265
_ . 285
] R
260 + "> 1 260
] . ) O I
255 1 Solid A+L ~. SolidB+L {255
250 + hs >\<} 250
T + ................. g S O e . R o+ + ........ Lo 3 . \@. ——Q""o .......... I
245 | X X X X X x| X 1 245
] Solid A + Solid B ;
240 T T T T } T T T T } T T T T ! T T T T ! T T T T 240
0.0 0.2 0.4 XoBA 0.6 0.8 1.0

Fig. 2 Preliminary binary phase diagram for the binary adipate system Dimethyl + Dibutyl 25



TIK

- Non-isomorphous eutectic
HSPM Images' (dimethyl-dibutyl adipates)

285 - 285
280 <>“ ~~~~~ % 1 280
I <. j
275 + 1 275
] O"‘*-\O ) I
270 + N 1 270
X i
265 | o I 265
1 i «
1 \‘\ i I~
260 I > 1 260
! Solid A +L 2, : :
255 | . SolidB+L {255
250 1 N \,4? 250
A AR i O lol-0 9N ]
] + i
245 + | X x| x 1 245
) Sblid A + Solid B ;
240 1 T T ! T T T T T 240
0.0 0.8 1.0

Fig. 2 Preliminary bin#gz . 1 /") Sam for the binary adipate system Dimethyl + Dibutyl 20



TIK

- Non-isomorphous eutectic
HSPM Images' (dimethyl-dibutyl adipates)

285 - 285
280 <’\ ‘‘‘‘‘‘‘ o 1 280
P T o i
275 + + 275
1 Ol o . i
270 + 0 1 270
X i
265 1 o 1 265
] I X
1 7 =
260 I > 1 260
! Solid A + L ®, :
255 ~. SolidB+L {255
250 1
o . — NN
245 +
1 Solid A + Solid B
240 ’ T T ! T T T
0.0

Fig. 2 Preliminary binSgz . | 27 ' 27



TIK

- Non-isomorphous eutectic
HSPM Images' (dimethyl-dihutyl adipates)

285 - - 285
280 <>“ -0 1 280
z e z
275 + + 275
: Ol o . ;
270 + 0 1 270
X i
265 1 o 1 265
] I X
- \\‘ - —
260 €>~ 260
B ° & L
i + S . L
255 | Solid A+L .. SolidB+L/]
250 | ;
245 -
240 |

0.0

Fig. 2 Preliminar

28



Maomializad In'ta'lsi'h_-.r

Momalzed Inlengity

Raman Spectroscopy: Pure compounds

—— C10 liguld phasa
—— C10 5ol phase

|

1
200 400

L |
Goo - 500

J I T 1 T L
1000 1200 1400 1600 1800

Raman shift! cm™

1st step:
Raman spectra for pure compounds both in liquid and solid phases

843
3 53 Dibuty
284 . 3 adipate
> 205 " Pol 2 c e
= Distinguish
5 o different
= polymorphs
g Dibuty!
= - E"uﬂ; 23 720 adipate
£ Pol 1
T I T I ' I T I T I T I T I T I T |
200 400 600 800 1000 1200 1400 1600 1800
Raman shift/ cm™
29




Mormalized Intensity

Raman Spectroscopy:

2nd step:

Raman spectra for binary mixtures with temperature-variation
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CONGLUSIONS

1

8 Different binary systems as PCM
candidates

3

Similar latent heat of fusion, similar
energy storage density

2

Different melting temperatures,
different applications

4

Fulfill the lack of available data on low
temperature PCM systems
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Fig. 1 Binary phase diagrams for the binary alkane systems Cg+C,y; Co+Cyy; Cio+Ciy; Co+Cyo. Published in the International Journal of Thermophysics (IJT).
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