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Abstract — The high-pressure phase behavior of a polycaprolactone (Mw=56,145 g/mol, polydispersity 1.2), dichloro-
methane, and carbon dioxide ternary system was measured using a variable-volume view cell. The experimental tem-
peratures and pressures ranged from 313.15 K to 353.15 K and up to 300 bar as functions of the CO,/dichloromethane
mass ratio and temperature, at poly(D-lactic acid) weight fractions of 1.0, 2.0, and 3.0%. The correlation results were
obtained from the hybrid equation of state (Peng-Robinson equation of state + SAFT equation of state) for the CO,-
polymer system using the van der Waals one-fluid mixing rule. The three binary interaction parameters were optimized

by the simplex method algorithm.

Key words: Supercritical Carbon Dioxide, Poly(D-lactic acid), Polymer-solvent-gas Ternary Systems, The Hybrid Equation of
State for CO,-polymer System, Biodegradable Polymer
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PCL (Mw 56,145 g/mol, polydispersity 1.2y A]71r} 4= X2
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Material Molecular weight (g/mol) Molecular structure Polydispersity
o
Polycaprolactone (PCL) 56,145 I 1.2
O n
Materials Molecular weight (g/mol) Molecular structure Mole fraction purity Liquid Density (g/cm?)
Cl
Dichloromethane (DCM) 84.93 Cl—:C—H 0.998 1.3266 (20C)
H
Carbon dioxide (CO,) 44.01 O0=C=0 0.999 -
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Table 2. The parameters for the hybrid equation of state

Material Parameters of macromolecule
a/(J-m?) 10.978
Polycaprolactone bo/(cm3/mol) 138.029
(PCL) C 0.00144
m 1559.06
. Critical constants
Material
Te (K) P (bar) ®
DCM 510.0°* 61.0° 0.199°
CoO, 304.12% 73.74* 0.225%
*Reference [14].
PReference [15].
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Fig. 1. Schematic diagram of the variable volume view cell (VVVC)
apparatus.
1. Camera 7. Air bath

2. Light source

3. Borescope

4. Thermocouple
5. View cell

6. Magnetic stirrer

8. Digital thermometer

9. Digital pressure transducer
10. Pressure gauge
11. Hand pump
12. Computer monitor.
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S A3 TRAE) SIEIEN @), C, b, m) S& AFulolele]  Table3. Continued
AZars dg]|EE o] 83 23S o) e x ], 1 A= Polymer mass fraction (w;) = 3%
Table 2¢] LFER} 9lc}. Mass fraction®  Mass fraction®  Mass fraction®  Mass fraction®
353.15 62.49 BP
2491 Qi o 5074 343.15 57.06 BP
3. 21 R B9 w2 0.745 333.15 5030 BP
w3 0.255
323.15 43.59 BP
Table 32 =X 313.15 Ko|A] 353.15 K7F<] PCL + DCM + ¢k 313.15 38.06 BP
shebA A|2ELS] 3 AE A s 75 71011:} =3} Fig. 2-4 353.15 70.74 BP
= o] Al=Ee e‘@éﬂg— Z¥zk PCL A% 8] 1.0, 2.0, 3.0%% 5 0695 343.15 63.53 BP
w2 0.
wjo] AbEE] oFel(BP & CPYS IE|EE HgE Fo|t}, 7). 0305 333.15 56.11 BP
A A+ WSHL-V phase transition)”} HERR= X8 (BP)E T2 W= 323.15 4897 BP
LT} ol stEi e e A Hao FE BEE, ol s sl =
ZA0X B 5 o)A} o 7 LT ) AMEAL) o)Akl ERAS] 2 : :
A 5 Vo 21} e olsieiae) A e s o
ZF 280] T7FekE -5 AA-AA) 2 MSH(L-L phase transition)”} w2 0.648
| w3 0352 333.15 61.07 BP
el FER(CP)e] #S5E L FE0] d5E = JYolM = ‘ 323.15 55.05 BP
FAo] ¥5H= Gl nlaiA A or 2% Ftel ukeh g 313.15 46.13 BP
o] ko] FZsA Z7Fslitk= EA4o] 9lom Al¥ o] PCLo] 353.15 204.24 CP
U olAbE}Rka0) A3 o] 3 Om ke Lol o] o 0583 343.15 16251 cp
w2 0.
2} -E70] ZA 7% ek Fig 562 o] AkshekA ek Bgo] w3 0417 izii 171;’7613 g
R vk 2xielM o] g deks Uehdin ©) 5 §8l DCM ' ‘
e o 142l e d3E yehdin o] 5 Eal 3315 5,54 Bp
Table 3. The phase separation pressure for the PCL(1) + Dichloromethane(2) 353.15 267.17 CpP
+ CO,(3) system” 343.15 227.84 CP
Pol Trach ~ 1o w20.550 333.15 185.14 cP
olymer mass fraction (w;) = 1% w3 0.450 . .
Mass fraction” T(K) P(bar) Transition® 323.15 138.74 cp
353.15 57.15 BP 313.15 93.35 CP
343.15 51.52 BP 353.15 380.47 Cp
w20773 333.15 45.11 BP 343.15 33747 cp
w3 0.227 w2 0.493 333,15 294.89 CP
323.15 39.49 BP W3 0.506 : :
313.15 32.57 BP 323.15 248.27 Cp
353.15 67.60 BP 313.15 199.80 Cp
343.15 60.58 BP #Standard uncertainties u are u(T) =+0.0815 K, u(P) =+0.0698 bar, and u(w)
_ 16,17
w20.700 333.15 53.35 BP 200016 ™. .
w3 0.300 32315 46.80 BP w1 (PCL), w2 (dichloromethane) and w3 (CO,) are mass fractions; w2 and
’ ’ w3 are calculated on a polymer-free basis.
313.15 40.13 BP . .
: : “BP : bubble-point, CP : cloud point.
353.15 105.84 CP
5 0.633 343.15 67.26 BP
Wz . 350
W3 0367 333.15 58.62 BP
323.15 50.36 BP
313.15 4247 BP 007
353.15 165.50 CP 250 ]
50,500 343.15 122.99 CP £
Wi . -} ]
W3 0.410 333.15 79.49 CP < 200
323.15 55.86 BP =
313.15 47.44 BP g 1501
353.15 207.28 CP S
5 0.565 343.15 165.49 CP
w2 0.
o3 043s 333.15 121.92 CP 50 4
323.15 77.62 CP
313.15 50.33 BP 0 T T T T
310 320 330 340 350 360
353.15 306.97 CP
343.15 267.17 cp Temperature (K)
w2 0.502 333.1 5 231.70 CP Fig. 2. Correlation results using the hybrid EOS for PCL (mass
w3 0.498 ’ ’ fraction = 1.0%) + DCM + CO, system. Mass fractions of
323.15 186.92 Cp CO, in the solvent on a polymer-free basis: [ ], 0.497; W,
313.15 138.36 cp 0.453; A\, 0.410; v, 0.367; O, 0.300; @, 0.227.
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Fig. 3. Correlation results using the hybrid EOS for PCL (mass
fraction = 2.0%) + DCM + CO, system. Mass fractions of
CO, in the solvent on a polymer-free basis: [ 1, 0.505; W,
0.443; A, 0.396; W, 0.346; O, 0.287; @, 0.245.
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Fig. 4. Correlation results using the hybrid EOS for PCL (mass
fraction = 3.0%) + DCM + CO, system. Mass fractions of
CO, in the solvent on a polymer-free basis: [, 0.506; H,
0.450; A, 0.417; v, 0.352; O, 0.305; @, 0.254.
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v
300 - C s ¢
Liquid (Single phase)
— 250
H v
£ 200 ©
(]
5 ’
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2
A~ 100 A o Vapor — Liquid
Oy
0] oov of (Two phases)
0 ; ; ; ; ; ;
020 025 030 035 040 045 050 055
Mass fraction of CO,

Fig. 5. Effect of CO, weight fraction in constant temperature (T =
343.15 K) on the phase separation pressure at various PCL
mass fraction : ¥, 3.0%; O, 2.0%; @, 1.0%.

400
L]
300 - Liquid (Single phase) °
’g v
= * A
5]
4 o
E 200 .
3 ° v
=
A o A
100 .
o v []
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(Two phases)
0 T T T T T T

020 025 030 035 040 045 050  0.55
Mass fraction of CO,

Fig. 6. Effect of CO, weight fraction in constant PCL mass frac-
tion (W = 2.0%) on the phase separation pressure at various
temperature : WM, 313.15K; A,323.15K; v,333.15K; O,
343.15K; @, 353.15 K.

PCLel & §rfiekan 2 5 glom, o isleki wirfe)] oahe 32
oF % Itk R Fig, SEAE & Q= AR Befre] A 2

o) el e] Fejel 7PE & 3 & Blolehe ol e vhEA

7P F Q35 QR1e- oilslelAy/DCME H]Eol wet @ﬂgﬂ”‘: %!
ojtt. o]ef gt A E/de TR YERG 343.15K Wk ofy] e} B
25 FoollA nlsgt A S vkt

Fig. 2~4F= A% A o] elell e Gt e 2-S &3l
AIE HoEtt oA AFF=0] hybrid A EEY A2 A A;-0]
sbsleka: Aol A3tale, 1tk ZeF Bt A glell= 2
K3 EA40] givhs A% o] A Als AEsh & slute] o))

71% ok g2l atAke] sEbfElal, C, by, m)9k A7l o]
3% 2§ 3}2}m)E (binary interaction parameter) Z7] 3k 4= )
2 HA 3} & Fato] TR gt AL T S HEEH

$13F 5-2] 8h4~(Objective function, OBF)¥} AADP(absolute average
deviation of pressure)i= o}el| 9} & 25 Fafo] ALk

ut

N |pexp_ cal
oBF=y [f =P (13)
i=1 pf"P
N 4
> [ro—piye
AADP(%) = =% 100 (14)

z

A71A Py, Py 22 A 3} AR hEs Qvleh, N
& A% dlolg €] exbE gm|sitt

A7) o] 9l 25 2Hg- shebulE] K9k AADP(%) A ¥R= Table 401
)= o] At} o] FellA] ky 2l %&" A3 S B3l Do
20,0107 13} AT T o] kyy©] PCLTFS] A3 2H30)

Table 4. Correlation results with the hybrid equation of state

Mass fraction of PCL ki, ki3 ko3 AADP (%)
1.0% -0.0044 0.2354 -0.0100 6.3
2.0% 0.0028 0.0775 -0.0100 44
3.0% 0.0121 0.0102 -0.0100 5.6
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