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Impregnation of Phase Change Materials
into Polyester Fiber Using

Supercritical Carbon Dioxide

Tae Won Kim

Department of Chemical Engineering, Graduate School

Pukyong National University

Abstract

Latent heat storage is one of the most efficient ways storing thermal
energy. Unlike the sensible heat storage method, the latent provides
much higher storage density, with a smaller temperature different

between storing and releasing heat.

There are large numbers of phase change materials(PCMs) that melt
and solidify at a wide range of temperature, making them attractive in a
number of applications. Paraffin waxes are cheap and have moderate
thermal energy storage density but low thermal conductive and, hence,
require large surface area. Hydrated salts have larger energy storage
density and higher thermal conductivity but supercooling and phase
segregation, and hence, their application requires the use of some

nucleating and thickening agents.



Supercritical fluid(SCF), a fluid above its critical temperature and
pressure, is a highly nonideal fluid which has unique features in physical
properties like a blending of gas and liquid. SCFs have been established
as good solevnts for many nonvolatile and thermally labile compounds
and are useful in many chemical processes because the solvent power
can be manipulated over a wide range by adjusting temperature and
pressure.

A new technique preparing polyester fiber impregnated with organic
PCMs was proposed and experimentally examined. The impregnation
apparatus consisted of a high pressure pump, two consecutive high
pressure cylinders-and auxiliary facilities. Polyester fiber was bound on
cylindrical stainless steel net inside equilibrium cylinder and was
impregnated with supercritical solution of PCM. PCMs, paraffin waxes
and organic acids, were successfully impregnated into the polyester fiber
even at temperature below it’s glass transition temperature(Ty), and the
impregnated fibers showed high energy storage and release capacity

around the melting point of respective PCMs.



Hr

111

¥ 22 (List of tables)

v

mJ

1. A

mJ

2. o]

o] %@(PCMS)

= D I R R Y
I

H

2.1.1. PCMs®] 547}

<12

- 14

- 17

- 18

Ho

- 26

B

- 29

o
H
7k
_ﬂl
T

- 32

M_WO

TR



4.2. PCMs %_.ﬁ_oﬂ tq..E_ Ogt‘g: ................................................. 34

4.3, Aolx] AAT HFE S8 36
A4, B2 Q0] WFE OJBE wrverreeeioieieee e 40
4.5, @-;g C])j]-ag 0363: ........................................................... 43
5. @ % .................................................................................. 45
REFERENCE ............................................................................... 46

il



Table 1.

Table 2.

Table 3.

Table 4.

Table 5.

Table 6.

Table 7.

List of Tables

Comparison between the different methods of heat storage 10

Subcooling range of thickened PCMs with different nucleating

Comparison of the physical properties of gas, liquid and

Supercritical ﬂuld Dhase ................................................. 20

Critical properties of some supercritical solvents ««--eeeeeeeees 21

Formation of composite micro—-particles for dissolution

enhancement ................................................................. 24

Solubility data of the eicosane at 1,700 psi «rrorrrerrrerreeeenens 30

iii



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

List of Figures

Latel’lt heat Of meltmg Of PCMS ........................................ 7
Pressure—temperature projection of the phase diagram for a
pure Component. ............................................................ 19
Schematic diagram of supercritical impregnation equipment for
pOlyeSter fiber-s_ ............................................................ 28

Effect of impregnation time on the eicosane at 45C and 1,700

Amount of supercritical impregnation of PCMs into polyester
fibers at 55°C and 2,500 DSI ........................................... 35
DSC analysis of impregnation polyester fibers with eicosane at
35°C and 1”700 DSI for 20m11’1 ......................................... 3’7
DSC analysis of impregnation polyester fibers with eicosane at
35C and 1,700 PSifor SOMIN, =+« -reurteereeeenmmiiiiiiiiiiiaeen 38
DSC analysis of impregnation polyester fibers with eicosane at
35°C and 1”700 DSI for 9Om1n ......................................... 39
Effect of impregnation temperature on the equilibrium

eicosane uptake at 1,700 DSI .......................................... 41

v



Fig. 10. Solubility of eicosane in ScCOy at 1,700 psSi. wrrerrerrreemeeenees 42

Fig. 11. The amount of eicosane uptake at different impregnation

pressure at 45°C ........................................................... 44




)

1. A

RERE T
g ohuet gats]
of oA A

5

ol E 32

wAZ s Aok

o

nm

T7F Al

B)
!

&

)

RS

S oy " Fo EZ9] A(phase)o] W

71 4

AUA A% Alzwel lofA

AUAE A%

o
=

7FA1 71wzl

=
=

2 w2 odvA A 2=

|

ol

3

b

a4 o

i, 3}

]
4
L E45H 2] on], o] ART ® olye UAl 2o

to}, e) il #d Zh(subcooling) ol

ke
“

714 of

al

71 3

s

Paraffin waxesE H|&

oh1~3].

-

o] ofof

=3

olyze}l 42l (phase

BHH
RLN

fols
=

g

segregation)7F glo  Bo] AF&-F a1 )

o

e

)4

0ox

+
=
vAO
ol
el

~R

o
)
el

ok

+

ofn
o

J|
P
o
olo
jant

3L, Aol 4o 9% =423

)

i

)

o
)

o

A, vhol 22



o)

A9} 2

=

o 3 )

= 71Ae &

Al A

o

.

ol gof o

] 718wl

== 0]
.

=l 7]

ol g7 o

=
=

ol fleH, gkl i,

-
[}

el 7t

"M

!

oo

pr
ox

¢+
B
X

il

PCMs(phase

-
|

A

H]

=
=

0] 43} gk A (ScCO,)

=4

o)
\I—J

)]

gJf

pmty

)

change materials)S X3+

SEE /Y d2la =d deAde]

KR
| Y

B

=i}
=

-2 [4], polyester[5], poly methyl methacrylate(PMMA)I[6],

E

g3

A el AL

£ 499 oy

poly ethyleneterephtalatePET)[7]12]. 4™

polyester A

ks

g g

shek

M. Rita de Giorgi

o] A8L& 80~120C < 2,500~4,000

Fotck.

S

e et Hojde E3Avh 0. Muth

o]-§3%

=
=

Z

J

—_
o

Fod polymer®] ¥ago] o

o] 83



oA EFAE o] RO FEMN polymer EHS wWIIH A vlFE Aol 7bs5)

pav
K
L
i
)
o\l
jal
X,
o
[
okt
au’
b~
rlr
=
fri
Mo
o)
=5
<
=)
D
=
(el
s
é
il
T
ox
>,
X
rlr

B ATl &40 fstol 7P ol AitE L 9= polytester A

EXS A

2l

| olitstet

-

o
il

=
1r
b
o2,
rlo
g3
>
_t
ofo
_O‘L
rlr
Hy
s
e
)
o,
-
@)
=
wn

il

o
o
gtol FHAE A9H 2AE PsHAch PCMse) FHel P 2%

2 zAEFAow, PCMso] @3 ® polyester 4

(e
>
]
lo,
of
o
tlo
2
)
ax
o

ol @A 2 BE ¥ 22471(DSO= SA 8.



2.0 &

2.1 330l Ed(PCMs)

2.1.1 PCMs®] EA3 &F

GOl E o] &3 FoluA ARl AHSHE ede 2 A w2 4
EEE 7HA ook gtk PCMse A A HeolM Hop o2 5=
He 7ML, Hxo AdAd) gdtdoz MHsA o, AulE, F5

gt 15T olatollAr w5t 222 B FA oA ¥7] Aol AH&5

90T ol 4elH St BAe F5 Wrdl AR Hrh 15-90T AtolelA =

= OE 2282 By A AZelA H482 = A= o w4

Fig. 12 #F4¥ A& Al82E 5 & 22 7t 2429 &34l
222 JEPATH10]. Lorsch[11], Lanel[12], Humphries ¥ Griggs[13]
= FE AFolA HS WA AHE THeset EFol st AFsF3IT)

Al g paraffin waxes® &Ere

g

A W2 (~200k]/kg or 150MJ/m>)
oF Y2 WHee Hm=HE /AR Ao (Fig. 1.(a) 7F40o] Ao}, T3k F

= I~
Alg = 2

Rwe] Fztst setdon Beoln 447t glof

o



250 =

-t - HI
z 2 =
i i i

Latent Heal of Fusion -

=
I

ia)

250 -

201 <

0

1o

Latent Heat of Fusion - H

g

I Paraffin Compounds |

B HMass kikg

I H/MNelume klidm®

B H

20

T
49 50

Malting Paint - degC

| Organic Compounds |

B H Mass - Kdikg
[ W vedume - hdign”

(B}

an

EH

T

Ed

60
Melting Point- degl

T

Bk

1-Parafin 5813
2-Octadecans

3-Paraffin G106
4-Paraffin 5838
5-Paraffin BO35
G-Faralin Ba03
T-Parafin B409

0

1= Capribe Acid

2- PolyGiycol £ 600
3. Capric Acid

4. Lauric Bid

& Myristio Arcid

& PalyGlyenl E 6000
7 Leinl G 32

8- Palmitic: Acid

& Sigaric Acin

10- BiPthannyi

11+ Magthalene
12- Propanamide
13- Acatamica




inorganic Compounds | gty T+ Calle_#e0
0 g L. Halisl & A H & :::.' "
4 EF AR =
- o= it
-
i) :m;"; 13- BalDM, 84,0
= w g, 13 || 16 g
W - n “ml-“'ﬂ‘ The g3 ¥
= FE) - E E
= g
E ]
200 f ¥ afl
x 8
i 180
.E - ]
5 00 -
3
LF
a T T T L] T T T ] T T L}
0 @ B M 40 S5 83 TR BO  8) w0 10 0
(&) Melting Point- degC

Twems|

FEaRRERGT|

&

ey

Latent Heat of Fusion - H,
m

i) Melting Poini- degC



| Eutectic Compounds

B H, fass - kakd

450 <
[0 Wy Mass - kaidm®

P

=

=
1

1- #4111 % Fropienamide
» T48 Wit Palmitie Aeid
2o 53 Mal% MgHOj EH O
# 4T Mol % MpCl GH 0|
3~ 2T Mol % LND,
EI + 5H Mol W NH ND,
« 5 Mal % MH CI

o
=
i

o
L=
1

Latent Heaasal of Fusion - H;
=]
[l

A
L=}
|

1

|
:

T v T T T ¥ 1
50 &0 Ta 80 an

Melting Point deg G

Fig. 1. (@) Latent heat of melting of paraffin compounds. (b) Latent
heat of melting of non—paraffin organic compounds.
(c) Latent heat of melting/mass of inorganic compounds.
(d) Latent heat of melting/volume of inorganic compounds.

(e) Latent heat of melting of eutectic compounds.



l‘l

At FEE 7HAD Ak AT ~0.2W/mTe W2 €HEEE 7}
ABZ ARREE Fokoll oA Azt weth olgd FAHE S55H)

2 555 g% ZH, 5% WEYL FxE, finned tubes
a8 3 GFug FZ4EL paraffin waxes? @AEEE FAA 77 5]
AFEE O] tH[14]. 53 paraffin waxes©® "% BI®7] g 53k
539 paraffino] AFEEI 53] 55T FHAA & A|#E paraffin

waxes’} 71 Wo] AFx 1 9t} Farid[15]= 44, 53 ¥ 64TC9 54

%

S 7 a 22 167, 200 2 210 klJ/kge HEE A= A AHE&
paraffin waxes & A}&3}9ct. P-1162 7F¢ o] AMR-EH+= paraffin
waxes = SPUZEA 47T oA ZHom 210kJ/kge] FES 7HT

Feldman ¥} Shapiro[16]= A% AHcapric, laurie, palmitic 2 stearic

)

acid)?} o] AE0) oY T dH HAL BASAT 1 A3 LD o

rlr
i
&
i
ne
32
O
X

T

>

(o]

i3
rlr
Ho

Uz AFge 8l 3k Edolg
= 30~65C=E YEeEleH, g wsals 153~182kJ/kg o2 F&EH AT
o] 4d2 FE oA A Alx==e] AAA v F Q38

Hasan[17]< ayA AL Ys] PCMO 2 parametic acide] A& 3

ATE 33ttt AAo] Wsle]l parametic ATE ALgH 93 S8 A%
A9 € 75 5 oz W AT, 2% HYe nd gdo AdS
E R

Dimaano$ Escoto[18]& @& &% o)x9o] AAL 93] capric acid <}

lauric acid =3dES AESYPTE o] EFE m=HL 14Colx HELe
=3 vl & me} 113~133kJ/kge] HHAE BT &4 & 2292 A%
e ATl A& JqAR, AA HLH7|= FET. AEZHN dimethy-

oo
L



sulfoxide® 16.5TC¢ =S 7FA3 @A 86kJ/kgd HES 7Hdth
[19]. 28] 31 maleic anhydride= 52TColA =2 145kJ/kge] #<ES 7}

201,

H

S8 (Fig. 1(c,d)e = A% UE (~350MI/m”), ¥& dAL

O

-

(~0.5W/mTC)E 7}A ™ paraffin waxes &} H|uslo] <ok 7124 0 72 93
d AR AN 83 EAZ gA Ak FA HE 44% Na,SO,%
56% Hy0O B]&2 7FAE Glauber salt (NaySO,-H,0)E DA o] 1952 HH
ATFH 7] A1 ZeFA Tt 21,22]. Glauber salts 32.4TC9 =43 254kJ/kg
(377MI/mh)e] Ee FDE JHAh. aEa dojuA AFS Y& A 5

2 & ole 4 4 8D Fol shtolth AR 4 Ayzgow

tlo

Aaf A& wokell oA Az Wen Biswas[2le SHFTHe 94

AT el olwel Be AgEe AE ARG, FAT AL

pacs
o
ol
R
r d
e
o2,
ﬁ.‘l"
D
ki
o,
Y
flo
(ot
)
o
lo,
v
o
—_
2
e
2
k
kit
it
r o
)
iy,
ol
IR

7] Y38l nucleating agent =41 Telkes[22]E L=< borax & A
sttt slAgF o] AL 1 E borax9 IAL WAEY] Y FAE
agent’} Q7 TE o] 99 tiEEe T A 2 TAAS 7HAL Q)

c}.



Table 1. Comparison between the different methods of heat storage

Property Rock Water  Organic PCM Inorganic PCM
Density, kg/m” 2,240 1,000 800 1,600

Specific heat, kJ/kg 1.0 4.2 2.0 2.0

Latent heat, kJ/kg - 3 190 230

Storage mass for'10°J, kg~ 67,000 16,000 5,300 4,350

Storage volume for 10° J, il 30 16 6.6 2.7

Relative storage mass 15 4 1.25 1.0

Relative storage volume 11 6 L5 1.0

10
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Table 2. Subcooling range of thickened PCMs with different nucleating agents

Subcooling (C)

PCM Thickener Tm(T) Nucleating agent (size, um)
w/o nucleator w/nucleator
NasS04-10H20 SAP %) 4 Borax (20%50-200%250) 15-18 3-4
NasHPO4 12H20O  SAP 36 Borax (20%¥50-200%250) 20 6-9
Carbon (1.5-6.7) 0-1
TiOg (2-200) 0-1
Copper (1.5-2.5) 0.5-1
Aluminum (8.5-20) 3-10
CH3COONa-3H20 CMC 46 NasS04 20 4-6
SrS0y 0-2
Carbon (1.5-6.7) 4-7
NagS203-5H20 CMC 57 K9S0y 30 0-3

NaosP20O7-10H20 0-2




Table 3. Measured thermophysical data of some PCMs

Compound

Melting temp. (C)

Heat of fusion (kJ/kg)

Thermal conductivity(W/m K)

Density (kg/m®)

Inorganics
MgClg'6H20

Mg(NOg)g‘ 6H3O
Ba(OH),-8H;0
C8C12‘6H2O

Organics
Paraffin wax

Polyglycol E600

Fatty acids
Palmitic acid

Capric acid
Caprylic acid

Aromatics
Naphthalene

117

89

48

29

64

22

64

32

16

80

168.6

162.8

265.7

190.8

173.6

1. 278 2

185.4

152.7

148.5

147.7

0.570 (liquid, 1207C)
0.694 (solid, 90C)
0.490 (liquid, 95TC)
0.611 (solid, 37C)
0.653 (liquid, 85.7C)
1.225 (solid, 237T)
0.540 (liquid, 38.7C)
0.1088 (solid, 23C)

0.167 (liquid, 63.5T)
0.346 (solid, 33.6T)
0.189 (liquid, 38.6C)

0.162 (liquid, 68.47C)

0.153 (liquid, 38.5C)
0.149 (liquid, 38.67C)

0.132 (liquid, 83.87C)
0.341 (solid, 49.97)

1450 (liquid, 1207C)
1569 (solid, 20TC)
1550 (liquid, 94C)
1636 (soild, 25TC)
1937 (liquid, 84 )
2070 (solid, 247C)
1562 (liquid, 327C)
1802 (solid, 247C)

790 (liquid, 65C)
916 (solid, 247C)
1126 (liquid, 25C)
1232 (solid, 47C)

850 (liquid, 65C)
989 (solid, 247C)
878 (liquid, 457C)
1004 (solid, 24C)
901 (liquid, 30TC)
981 (solid, 13T)

976 (liquid, 847C)
1145 (solid, 20C)
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Table 4. Comparison of the physical properties of gas, liquid and

supercritical fluid phase

Phase

Property Unit

Gas SCF Liquid
Density g/cm®  (0.6~2.0)x10-3 0.2~0.9 0.6~1.6
Diffusi . ) -
HHISION  m¥s 01~04  (0.2~0.7)%x107 (0.2~2.0)<10™
coefficient
Viscosity cP (1~3)x107° (1.0~9.0)x107? 0.2~0.3

20



Table 5. Critical properties of some common supercritical solvents

Solvent Pc(bar) Te(C) pg/cm®)
Carbon

73.8 31.0 0.468
Dioxide
Propane 42.5 96.8 0.217
n-Pentane 33.7 196.6 0.237
Propylene 46.0 91.8 0.276
Ethanol 61.4 240.8 0.276
Water 221.2 374.1 0.315
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ol A9 Hy E4(L3%, entrainer a3 I ALY EHHE, 4t
A, @HER)ER oyt &zt 2 2 cluser HHIE 2T 5 A
Art43]. 53] &4 FHol EAste =94l FAe IHFEEE (local
density) & 9% "Xx(bulk density) 2o+ &4 &tta gt} ol g &wj

3} EAL F7AE vEAA(inhomogeneity in space), A7HA  d%

= AL EHe Aol Bl ARSEE =9A A= of9 4

ZFA17F ATk [45-46].

(D Rapid expansion of supercritical solution (RESS) : = A H-Ao &
 He ds 294 & &MU F nozzle & Fot] T A
719 wE AP o R QlEte] wAYATE AHEE T

@ Supercritical anti-solvent (SAS) @ &3& Ad3g &ujo] &3A7]1L
o7& Whgul (anti-solvent) ¢ Z YA FAI A H=Eshd, Sl
3y A= Qe &9 Fo FHo] H=H<e TF

@ Particles from gas—saturated solutions (PGSS) : &8 %o ZAA
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AL JoAA] 7F2-E3EN S THE F o]l E nozzle & F3Fo] WG AlA

@ U2 AFE Y3t =94 FAH : A&3} CD (cyclodextrin) &,

ZAAE o83 4 7HA TR EF 8 GE & SEE FolY]
A& AFEE A TH[45], composite particle & Y84 FE9 &3 = 7
sHE olugl Aloj®rE (release controlled) ¥ LAFolA E<Hgst &4
of tigk Y EAZEA AL F A= FAHo|HH46]. Table 62

Perrut[47]17F AAI8FHF M, o] composite particle #A|Z Al & o

o] 714 CD (cyclodextrin) o]& &Z&o] AA|=Fo] 9=t o] 224 FF
g YJeEfo] 7 VKA doH, orE AT, Wi 274S HER
ot ol¥ SA4dd o8 GES s A Hi §eEx s 2 A
oz o 7|odstA "Ert. agER ojd EAS HAE EEEL 9E
Ag Alzgle) AAlo] A5 ne i Jvt[48]. H o] s v d
2ekA o] e = A8 el WA EZA A A FAE AT
T AoH[49]a Ao AT

Table 6°] AAl"  “CPF (concentrated powder formation)
impregnation” <& HA| 3gtEo] AHEst= FAHolnh oA AAZF uY
o] o]itstgtaol MAZ} EIEHA MAC] HETF Fastal, o2 QlEk]

o/ viAlel HFsk=s dElE ol 87 AolH[50].
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Table 6. Formation of composite micro—particles for dissolution enhancement [35]

Substrate Matrix solubility Available process Type of particles produced Remarks
solubility in SCF  in SCF
Yes Yes RESS Microspheres -Few substrates/coating both
soluble in SCF CO,
—Possible use of polar SCFs
Yes No SCF impregnation Active adsorbed onto a porous -Carrier impregnation by
carrier extracted active
—Easy scale—up
-Rarely used for
dissolution enhancement
No No Supercritical anti- Microspheres and microcapsules —Difficult solvent/fluid

solvent
Fluid—-assisted

micro—encapsulation

CPF impregnation

CD complexes

Microspheres/capsules

Liquid active adsorbed onto a

porous carrier

separation and scale—up

-Very low COs consumption

—Easy scale—-up

—Continuous process

—Easy scale—-up
-Rarely used for dissolution

enhancement
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| A AR o A o] JhEFE= Fig. 33 ok A3 A=

AR, AeTzx, 758 LEzZe 3 vET|E o] FolA
o bStERA AR oA A2 IPal AYAZ7MA= 1/4in ©]

PFZANA REE7IE AA ET77HA= 1/8in o 188 ZHU X~

S AREeRglYh 3 WS-V (impregnation reactor) Swegelok 316L

SS Double-Ended DOT-Compliant Sample Cylinder 4 150cn’ 2 &

AF&-3FoA T
Stainless steel o 2 AZxH U5l polyester A= 7o} ¥k37] U
Fo 23133, PCMs (Phase Change Materials)© & ¥H3-7]ol e
A Ykl o] wl PCMse] 42 = UA o] itstgrad] g PCMs?
S =E 1ty FES = Aot HEVIE HEAA FHERE
dote 2=7-A 7tEd =, BE dZ2" 379 oliseAE 2087 &9
dHE T F71¢ TS 45 AAGAT. 1R FEZE o] &t o
Al ol etAE FAAA FHE HWFE Aok =9 7A Thtsidlt 4
st =9 el =dEt d4A Al F<t polyester Aol PCMsE
AN Fo] d5EHY wjE MHE o oiseAE wWEA7] A,
9 polyester A5 333t
T3 A eAe WA BY vkl Ao PCMs= 3 el Fol

A Adstar g3 WES7)ol stainless steel W2 AZH FEO

AFE ol Adgn 7 Re wvgrlE AXg ¥ UMEUE
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Fig. 3. Schematic diagram of supercritical impregnation equipment for

polyester fibers.
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Table 7. Solubility data of the eicosane at 1,700 psi

Temperature [°C] Solubility [mol fractionx10*]
97.25 1.110
97.2 1.080
92.17 1.000
92.19 1.000
87.19 1.000
82.18 1.000
77.22 1.060
72.19 1.210
67.2 1.490
62.22 2.220
57.23 3.800
52.17 7.950
47.22 17.50
45.19 22.60
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4.1. 33 HF Az 2A
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EN
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Fig. 4. Effect of impregnation time on the eicosane at 45T

and 1,700psi
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Fig. 6. DSC analysis of impregnated polyester fiber with eicosane

at 45 C and 1,700 psi for 20min.
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Fig. 7. DSC analysis of impregnated polyester fiber with eicosane

at 45 C and 1,700 psi for 30min.
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Fig. 8. DSC analysis of impregnated polyester fiber with eicosane

at 45 C and 1,700 psi for 90min.
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Fig. 9. Effect of impregnation temperature on the equilibrium

eicosane uptake at 1,700 psi.
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