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Impregnation of Docosane into Polycarbonate

Using Supercritical Carbon Dioxide

Min Hui Kim

Department of Chemical Engineering Graduate School

Pukyong National University

Abstract

Supercritical  fluid (SCF) is defined as a solvent above its critical
temperature and pressure. SCF 1s a highly nonideal fluid which has unique
features in physical properties like a blending of gas and liquid. Especially,
carbon dioxide is the most widely used SCFE because it is inexpensive, no
toxic residue, and is not flammable. And it has a relatively low critical
temperature. Also, supercritical carbon dioxide (ScCO52) is known as a
low—volatile plasticizing agent for many polymer. Recently, some promising
applications has been developed where mass transfer in the polymer phase by
means of a SCF is major importance.

The application of phase change materials (PCMs) for solar thermal energy
storage capacities has received considerable attention in recent years due to
their large storage capacity and isothermal nature of the storage process.
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. Docosane, a sort of paraffin
waxes, i1s one of the attractive organic PCMs for use in latent heat storage

at 427C.
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This paper is about impregnation of docosane into Polycarbonate (PC) using
ScCO . The impregnation apparatus consisted of a low temperature bath, a
high pressure pump, two consecutive high pressure cylinders and auxiliary
facilities. After docosane and PC were loaded in each cylinder, the cylinders
were heated to a desired temperature and purged with carbon dioxide during
20 min to eliminate air inside cylinders. Liquid carbon dioxide was then added
into the cylinders to achieve a desired pressure. The experiments were
recorded at temperatures from 35 C to 50 C and pressures from 2,000 psi to
4,000 psi. Polycarbonate was bound on cylindrical stainless steel net inside
equilibrium cylinder and was impregnated with supercritical solution of
docosane.

The weight change in impregnated PC after depressurization was gradually
decreased until 7 days due to the desorption of carbon dioxide from
impregnated PC. The impregnation ratio of docosane in PC was showed 05 ~
1.1 wt% according to the experimental conditions, and increased with
pressure and decreased slightly with temperature. From SEM images, it is
turned out docosane was unevenly impregnated inside the processed PC. And
impregnated PC showed high energy storage and release capacities around the
melting point of docosane. From these results, it can be concluded that
docosane was successfully impregnated into PC using supercritical carbon

dioxide.
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Table 1. Comparison of the physical properties of gas,

liquid and supercritical fluid phase

Phase
Property Unit
Gas SCF Liquid
Density gl (0.6~2.0)x107° 0.2~0.9 0.6~1.6
Diffusi
P’ . 0.1~0.4  (0.2~0.7)x107°  (0.2~2.0)x10°°
coefficient

Viscosity cP (1=3)x10°  (1.0~9.0)x107? 0.2~0.3
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Table 2. Critical properties of some common supercritical

solvents
Solvent P. [bar] T T54 o [g/cr]
Carbon dioxide 73.8 31.0 0.468
Propane 42.5 96.8 0.217
n-Pentane 33.7 196.6 0.237
Propylene 46.0 91.8 0.232
Ethanol 61.4 240.8 0.276
Water Piza, V4 374.1 0.315
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Table 3. Formation of composite micro-particles for dissolution enhancement

Substrate Matrix

s 1., Available Type of particles
isr(l)hél%lg;y lsr?lglz:lg;y process produced Remarks
-Few sul_:)strates/coating both
Yes Yes RESS Microspheres soluble in SCEF CO,
—-Possible use of polar SCFs
—Carrier impregnation by
: extracted active
Yes No SCF impregnation ﬁocrtézz igf?iged QUED) 4 ~Easy scale—up ' _
—Rarely used for dissolution
enhancement
-Difficult solvent/fluid separation
and scale-up
- . Microspheres and ~Very low CO. consumption
Sul[\),eernctrltlcal anti microcapsules CD complex
SO *Easy. scale-up
No No Fluid-assisted ~Continuous process

micro—encapsulation

CPF impregnation

Microspheres/capsules

-Easy scale-up

-Rarely used for dissolution
enhancement

Liquid active adsorbed onto
a porous carrier
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Table 4. Comparison of equilibrium sorption amount,
desorption diffusivity and sorption diffusivity

at various temperatures and pressures

Density of

T P sccos M- D D,
() (MPa) (kg/m®) (wt.%) (10™"'m?%s) (10™'m%s)
40 20 830.04 12.41 2.01 1.22
40 30 928.42 13.44 2.16 i’ o7
40 40 992. 5@ 14.70 258 0.91
50 20 763.12 11.71 1.61 1.68
50 30 880.24 13.13 1.85 119
50 40 953.02 14.59 0 1.63
60 20 694.03 10.87 1.67 3.36
60 30 831.24 12.98 1.70 1.59
60 40 913.09 14.32 2.07 2.74
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Table 5. Comparison between the different methods of

heat storage

Organic Inorganic

Property Rock Water PCM PCM
Density, kg/m’ 2,240 1,000 800 1,600
Specific heat, k]J/kg 1.0 4.2 2.0 2.0
Latent heat, kJ/kg = 3 190 230
Storage mass for
L 67,000 16,000 5,300 4,350
10" J, kg
Storage volume for
6 . 30 16 6.6 2.7
10° J, m
Relative storage mass 15 4 1.25 1.0
Relative storage volume il 6 2.5 1.0
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Table 6. Experimental data on temperature, enthalpy and heat capacity

change of n-alkanes at melting and solid-solid transitions

n Tm Ty AH, AH,, AHm+AHt1r ACom Ref
(K) (K) (k] mol™ (k] mol™ (k] mol™)  (J mol')K™) Tt
22  315.20 314.45 39.76 36.35 76.11 58.50 -
317.15 316.15 48.95 28.20 77.15 16
48.95 08.87 77.82 13
316.85 78.43 5
24  323.65 318.90 57.31 27.68 84.99 66.60 -
323.75 321.25 54.90 31.30 86.20 16
322.85 86.78 5
323.45 85.77 15
g 829.18 32440 63.92 30.30 94.28 78.30 =
329.25 325.50 60.70 33.42 94.12 74.53 7
329.45 326.45 59.50 32.20 89.09 16
58.74 35.02 93.76 13
329.55 14
28 333.98 330.40 66.52 33.66 100.18 118.90 -
334.35 331.15 64.60 35.44 100.08 16
334.45 94.98 15

_23_



3.4 ¥

3.1. 4% A5 € HY

B Ago| A ALg3d 1EAF polycarbonate sheet & atofina
A2 tuffak A E AFE3F9 2™, polyethylene (PE), poly-

methyl methacrylate (PMMA) &= labotec Al#S AFE-3FA T

ddol AL Aavk d=gA Aot FEI £%=99%

ol we de W mAbsAT FRNR-S 3000psi, 45

T ol A 15 ~120 &l A 38 splom Shalsds A2 PC ¢ 3
Fo] dASR = Al - 1.5 M= 2 sESAT.
PC 9] 2 Aol (glass ‘transition, Ty =%+ 147~150 C&

dHA Ak AR ZUAFEH A LA FEHe] *E
7} 300 bar ol A 70 T 74A] Bropxlvt= A+ ZA¥rt A 51
T3 Ay ARERE PC O AF F483F AEAE docosane 9
shdo digk ey 2% WelE ZHzE 2,000 ~ 4,000 psi, 35 ~55

T =2 AA3AY. 7 & 3% ¥ docosane o] FA WIE 2

_24_



o

S BYom PCo A% 7d Ay & FA #HErt A ¢l
stolgr 4= Attt Uzer 5 ScCO:2 =& o] &3] PMMA
o naphthalene ¢ &3 txlo] thal AF+= sk 12 A3

T =548 FA Wsts 4F

dlo
o

ot
il
]

e

T At ® sk [52].

_25_



3.2. 49 ZA R WH

|

FA o] MFE+ Fig. 39 &t

=K

=
B
L,

steba A ANAM AL

1
A A

N

1/8in ¢ 14§

T =

=
=

docosane

SS

316 L

swegelok

=
w

cylinder)

& % (equilibrium

e

=
=

double-ended DOT-compliant sample cylinderZ4] 150 cm’

#

sl7

i
=y

3 H =

O-ring seal reactors 3

HSAE.

S

AL
T

(impregnation cylinder)

A

=
=

A= 300 cm”

2

=
=

o 1x10x100 m® o] &=}

—
)

]

3 7

el
dn

o
e
el
0

o
i)

5 docosane 2]

=)

e ol T

o}
o

%

N

ol
b

el

!
7K

N

0
\.—_mﬂo

H
ol
L,

_26_



T

i
£

T
i

. Low temperature hath

Pump

Check valve

. Pressure gauge

Equilibrium cylinder (150 mL)

. Impregnation cylinder (300 mL)
. Flow meter

AU0Z ULIANJ)OST

__________________

Fig. 3. Schematic diagram of sc CO2 impregnation equipment.

_27_



\.—_mﬂo

il

ral
Ton

G

il

N

\.—_mﬂo

™

Z Yol docosane &= 3E3}

(¢}

\.—_mﬂo

1o

1o
il
Nd

0
\.—_mﬂo

ol

kS

Y=, PC

o] 4

Z}
S,

T
37

&

docosane <

2ol

#) & 3 et

12 Seref o

=3

= W

1,200 psi 744 3 gl

o) BXeX
H=

dof W

=
=

o

PaEe 44

3

]

5%

Al A

docosane <

A= o)
= T

FEHof

27

al

5

2]
2o W= AA

F31 docosane Y A7}

)

weke 7147k AlA

%)

]

=
=

Ton

gl

(¢}

\.—_mﬂo

1o

st¥l docosane Y A7}

ElAL 7} ~o

-
1

7ol A

W& ERE 8, bag filter

il

N
il

_28_



A A
shxl H aREAELS v #HA % (statorius BP211D, resolution
10°g) & AFg3te] 32 A T A WHaEs =AHsgx, PC

of #& A=E AAE7] flstel yAwE 2 (Mitutoyo

CD-15CPX, resolution 10 ‘mm) & A}83te] s Hd 39 F-3
W3S =Ae 9t SEM (Hitachi S-2400) & %3] PC o #49

¥ @S #&319 3L, DSC (Perkin Elmer Pyrisl) 2 AF&-3}o]

AEAES] fFydolex: ¥ AASE docosane ©] FH 0w

_29_



ul
=

4. 43}

—
fite)

Q2 o

R

o
=

o] E#<2l docosane

3

X

}33 T} docosane ©]

°

!N >N s

173 Sl A 2

Fe AAALE 2A
)

R

g PCo €A%

92w docosane
T1

S} =]
™

7Fa i ot

|

D

[e)
2 5

A4S
=

=)

=

N

-4

olo
I

-

_30_



4.1 Bstad @ BeH g

At AL QAN DASEE § ol 11 BAEo

AfagA S & gl B e e olse B
Sol AmAz 47 Mudd 58 (fow) o 44 A3 ¥

aEAe] B EFHE At $48 dhadsAs W4hg o

AstEct wEbA] BE L8 2% (melting temperature, Th)

7 PC ¢ PMMA = ZAZAcl:Sles #AE ALEAE PC 9 T,
#He 152 T2 4o FRoer PMMA £ 11336 CT 2 UEY
U} Fig. 5& Z2AA 1EAS PES 44 AxE yehid
A9 A% 42 13540C 2 SAHHNT AL 6878 % =
ARt = et

FAE u¥zel PMMA ¢ 74

o
(2
jaii)
of\
il
o
=
Mo
_|>i
=
=2

ol

1gol WA £RE nRAL BEPH A @42 1Y

_31_



[}
[—]

P
wn
T

20 +

=
on
T

Heat flow endo up [mW]
=

wn
T

60 90 120 150 180 210 240
Temperature [C]

Fig. 4. DSC analysis of polycarbonate, polymetha-
methylacrylate.

_32_



80 r — 1.Heatfrom 50 Tto 250 T
------- 2. Coodfrom250 Cto50 T

40}

Heat flow endoup [mW]

60 |
80 |

60 80 100 120 140 160 180 200 220 240
Temperature [C]

Fig. 5. DSC analysis of polyethylene.

_33_



o] g} 13

= Atk 120 bar,

[e13
=

]

o

s}
ol

A

1

3

T

13

&
1

3

c

S. Uzer %[53] 9

35T A 5 A

-

o PC 9| 45 olad szt Ao ik

7}

—~
fite)

O
wh
ol
]

46 % o] HyZF7Fe wRAbZFAT) whx] L7 A

)

W

oy

ol

ols

PMMA 9]

Njo

I, Fige g ol 2ol [ wpe} 2

i<

g

=

[63}-2] PMMA!9] =7

=
=

=
o

1k \PL
S. Ugzer

-

1

=
=

I3
o} o]
5to] naphthalene <

°©

% Ao vEtA
shel #7150 W

}

0]
pal

2

[)

<
o
e
TR

_34_

=]
L



100 | /
—— PC /
— 80 Ff —a- PMMA /
S ol
o /I/
> 60 A1
~ ///
> =
< 40 //

2000 2500 3000 3500 4000

Pressure [psi]

Fig. 6. Volume change of impregnated polymer sample at
45C for 45min.

_35_



=
81

|

l| —— PC
X 6 —@- PMMA
R
Z |
= \
<

Time [min]

Fig. 7. Weight change of impregnated polymer sample at
45C and 3,000 psi for 45 min.

_36_




N

17 o]bsteb A= 1,200 psi ol Al 5

HAol A 71903 Aoz AtzEh PMMA ¢ 4%

o

=

o

o~
T

&

oy
2
I

s

=]
&

Al

.
T

3l docosane 9]

Abolo] FwaE <l

okl
ﬂo

Ho] wolx7] wiolt},

Al

¥ docosane 9]

S} =]
=g

SEEER
AL PC

AT

7(35‘

A

=
=

_37_



4.2. &3 HYP ANz 2A

PC ol docosane ¢ #Z# 3 AIxtE AAst7] 9@ 45T,
3000 psi ol A Alzbel] we WstFES FASAh 1 Ade
Fig. 8 oAl B& npe} o] 30 & +
k.

i
=2
Y
1o,
ol
il
o,
ol
=2
ki
iy
o}
ol

=== o LS @hnitzer -5 [H4]2
A 7EE FaS 9% W@ ARhe] | ESE| ZFol 2t 1 <l F Fl AL
PET (polyethylene terephthalate)ol] @& (C.I. disperse red 324
and ClI. disperse orang 149)& stz && 2 dX HoAx 8
ARl A A 72 AZ37EA] DR Ethal skl o2 dk ARty
= A¥s 270 89l yEhd AoR Alsdn WA PC
o b7k o] gk B&E Awelt. PCe FAE aLEARA
ehabrt o] g F4&o] PET ol Hl8] =ormz 93 FIPA

49

[

1o BEAL 5 ARL Aot ® T F A4A ol
5

jlvt_]—X]—fﬂ 9’]?_}\01— l::T ]o]]:]— PET-J O‘T —r77ﬂ7]-



0.9}
S
°—° 0.6
L 4
= P’y
~ [
g [ )
< o3t
o.o 1 1 1 1 1
0 20 40 60 80 100 120

Time [min]|

Fig. 8. Effect of impregnation equilibrium time on the
docosane at 45C and 3,000psi.

_39_



L3mm ¢ AT AA ol oF 33% °f nEAATH. & A
ol AR PC

i

AP FA7F Imm low, o

iAo Bele

L=,

J{m
o,

Fol7h {3 WAL F0A2 Aol

_40_



,w.o
)

p—

IH
o}

pu—

_ZH
TR

o

I ol

3=
=l

3,000 psi ol A 45 #7F2] docosane

KN
T

Fig. 9

el
700

N
NJo

uhsh o] L7}
He exd e

-
1

Fig. 10 ol Al =

==

&

docosane 2]

5
il
4

Nl

ol wal wolit. wepy s

(e}

4

»A
o

docosane 2]

ki3

3,000 psi oA QA o] atslEr Ao T

<=7t S7Fskl whet

=

of Har=

w

ey

o}
A

o

Sk

3

=9

3l

& AHAZ9} docosane & &

149 5 0} 0 .

9]

by
o

g

PC

_41_



0.90

0.75

0.60

A W/W,[%]

T\ - - /3

0 35 40 45 50

Temperature [ C]

Fig. 9. Effect of temperature of impregnated PC with
docosane at 3,000 psi for 45 min.

_42_



20000

15000 |

10000 |

y x 10°

5000 -

100 150 200
Pressure [bar]

Fig. 10. Solubility of docosane in supercritical COq [55].

_43_



4.4, 3 4H 9
115 45T oA 45+ 3F] PC ol docosane &% =Fel dj

1
g ot @GS vErdth Fig. 11 oA stele] F7hgtel whet

FAF 3 Fkek= Ae & F s oA o

Fhol wieh H7bEe wAT

_44_



0.8 -

0.6T

A W/W,[%]

04

0.2

2000 2500 3000 3500 4000

Pressure [psi]

Fig. 11. Effect of pressure of impregnated PC with
docosane at 45C for 45min.

_45_



4.5. @A AZ7 ¥

e
ofr
v

M

2 45S DSC B 47=E Fig. 12 o Yepul ot

docosane 2] DSC #2443} heating flow @A o] A += peak &=
T et o cooling flow ol A= 5 W9 peak 7} YEFE =
stold 4= 94 2At}h. Company [56]5F docosane & A3} 34 o
A T 7R AHstE Ao AFk2 crystalline II 22 FH
crystalline I ol 4] 316.3 K ol A 2820 kJ/mol L7 L <Y A /o] A
crystalline 1 & 317.3 Kol 4] 48.95 k]/mol o] &tar H 13t}

docosane ©] 3z d PC Y Z&-H8 BIEo| wE HA5&
Fig. 1314 yetyAdrt. st ¥ PC & docosane & =3 §

oA w2 dAlUA A WE gl HEHOH HHEE

_46_



100

<
E
o 50
S
3
c 0
o
3
= -50
rer)
©
O
T 100
Fig. 12.

B —— 1. Heat from 10 C to 60 C
------- 2. Cool from 10 C to 60 C

20 30 40 50
Temperature [TC]

DSC analysis of docosane.

_47_

60



& o
.

Heat Flow Endo Up [mW]
3

-15

25 30 35 40 45 50 55

Temperature [TC]

Fig. 13. DSC analysis of impregnated PC with docosane at
45C and 3,000 psi for 45min.

_48_



g3 " PCY WY @S HdAAnA (SEM) & F3h
A aglom o) Fig. 14, Fig. 15 27t Yeldeh 5 83t
o] MAE Foto] HW B E3EAE AASALL, dF
Xl PolglE docosane & #HESATE wHel EoUe
docosane 9] A2 YA7E SH-H Ao &3 ¥ docosane
o] A Zol7F AT Fig. 14 oA 33 #H ZZo] 344

A ARAR mRe AWor], ot 2YA o sEiiel &3

_49_



(a) (b)
Fig. 14. SEM photo of impregnated PC surface with docosane
at 45C and 3,000 psi for 45min.
(a) PC (b) impregnated PC
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(a) (b)
Fig. 15. SEM photo of impregnated PC cross section with
docosane at 45C and 3,000 psi for 45min.
(a) PC (b) impregnated PC
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