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Abgtract—Cloud-point experimentd data were presented at temperatures up to 260 °C and pressures up to 2,500 bar
for poly(vinylidene fluoride) (PVDF) [M,,=180,000 and 275,000] in CO,, CHF,;, CHCIF,, and dimethy! ether (DME).
Also, phase behavior curves were shown for the PVDF [M,,=180,000] in CO, with 1-propanol and 1-pentanol.
Poly(vinyl fluoride) does not dissolve in CO, even at 215 °C and 2,500 bar, while poly(vinylidene fluoride) does dis-
solve in CO, a 220 °C and pressures of 1,700 bar. To dissolve poly(vinylidene fluoride) in dimethyl ether, pressures
in excess of 200 bar and temperatures in excess of 165 °C are needed. The cloud-point behavior between the ternary
PVDF [M,,=180,000]-CO,-DME mixture shows a temperature range of 100-195°C and pressure range of 350-1,360
bar by adding the 11, 29, and 60 wt% DME in cosolvent. The phase behavior for PVDF [M,,=180,000]-CHF,-9, 19,
and 40 wt% CHCIF, system shows a temperature at below 200 °C and pressure up to 1,700 bar. The effect of CHCIF,
as a cosolvent for PVDF [M,,=275,000] in CO, decreased with the pressure increasing 10, 26, 40 and 61 wt% of
cosolvent (CHCIF,) contents. Also, the effect of 15 and 40 wt% DME for the PVDF [M,,=275,000]-CHF; mixture
shows temperature ranges of 120-206 °C and pressures up to 1,570 bar.
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INTRODUCTION

Supercritica fluid solvents have been used in polymer processes
such as monomer polymerization [DeSimone et d., 1992], frac-
tionation [Mertdogan & d., 1997], extraction [Chang et d., 2000],
sweling [Chun and Kim, 2002] and sustaingble industries [Sarbu
et d., 2000; Perrut, 2000]. Also, supercriticd fluid solvents have
been an dtractive dternative to incompressible organic liguid sol-
vents, snce they can have liquidHike dissolving power while exhib-
iting trangport properties of a gas. Particularly, supercritica carbon
dioxide has been touted as the solvent of choice for many indus-
tria gpplications because it is nonhazardous, inexpengve, nonflam-
mable, nontoxic, and readily available.

Fuoropolymers are useful for awide range of gpplicationssnce
they possess a unique combination of chemica, mechanicd, and
dectricd properties. The solubility fluoropolymers depend on the
number of fluorinated Sde groups and on the molecular weight of
the hydrocarbon main chain. Especidly, poly(vinylidene fluoride)
(PVDF) and poly(vinyl fluoride) (PVF) areimportant polymers due
to chemicd resstance, hard (good) mechanicd properties and unique
eectricd properties[Newman et d., 1979; Hsu and Gell, 1984]. In
the reported related ressarch inthiswork, Loraet d. [1999] recently
reported on the solubility of poly(vinyl fluoride) and poly(vinylidene
fluoride) in supercritical CH,F, and CO, and in CO, with acetone,
dimethyl ether, and ethanol. The experimentd data.of reported doud-
point are presented at temperature to 245 °C and presaure to 2,700
ber for the binary and ternary systems. Also, Mertdogan et d. [1996,
1999] reported on the solubility of poly(tetrafluoroethylene-co-19
mol% hexafluoropropylene) in supercriticd CO, and halogenated
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upercriticd solvents, and cosolvency effect of Sk on the solubil-
ity of poly(tetrafluoroethylene-co-19 mol% hexafluoropropylene)
in supercritical CO, and CHF.

Inthis work, the high pressure phase behavior of fluoropolymers
(PVDF: M,,=180,000 and 275,000) in compressed liquid and super-
criticd CO,, CHF;, dimethyl ether and CHCIF,, with CO, in 1-pro-
panal and 1-pentanol was measured at temperatures up to 260 °C
and pressures as high as 2,500 bar.

EXPERIMENTAL SECTION

The cloud-point curves for the fluoropolymer-supercritica low
molecular weight hydrocarbon mixtures were determined &t pres-
aures up to 3,000 bar and temperatures to 250 °C. Fig. 1 showsthe
schematic diagram of the experimental apparatus used for the fluo-
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Fig. 1. Schematic diagram of the high-pressure experimental ap-
paratusused in this study.
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ropolymer-SCF solvent phase behavior sudies [Byun, 2002; Byun
and Choi, 2002].

Experimentd cloud-point data were obtained by usng a high-
pressure, varidble-volume view cell. The variable-volume cdl used
to obtain the cloud-paint curves was a datic-type with a 1.59cm
[.D., an O.D. of 7.0cm, and aworking volume of ~28cm®. A 1.9
cm thick sapphire window was fitted in the front part of the cell to
alow observation of the phases. Typicdly 0.500+0.002 g of fluo-
ropolymer was loaded into the odll which was subsequently purged
a room temperature with the solvent of interest & 3 to 6 bar tore-
move any entrgpped ar and organic solvents. Generdly, 7.0to 10.0+
0.020 g of solvent were transferred into the cdl gravimetricaly by
using a high-pressure bomb. For the fluoropolymer-sol vent-mono-
mer systems, the liquid monomer was trandferred into the cdl to
within £0.002 g by using a syringe. The fluoropolymer mixture was
compressd to the desired operating pressure by moving a piston
located within the cdll. The piston was moved by using water pres-
surized by ahigh-pressure generator (HIP Inc., model 37-5.75-60).
The pressure of the mixture was meesured with aHeise gauge (Dress:
er Ind., modd CM-108952, 0 to 3,450 bar, accurate to within +35
bar). The temperature of the cdl was messured with a platinum-
resstance thermometer (Thermometrics Corp., Class A) connected
to adigitd multimeter (Yokogawa, modd 7563, accuracy to within
+0.005%). The system temperature was typicaly maintained to with-
in £0.2°C below 200°C, and +0.4 °C above 200°C. The mixture
ingde the cdll could be viewed on avideo monitor using a camera
coupled to a borescope (Olympus Corp., model F100-038-000-50)
placed againg the outside of the sapphire window. A fiber optic
cable connected to a high densty illuminator (Dolan-Jenner Indus-
tries, Inc., modd 180) and to the borescope was used to tranamit
light into the cell. The solution in the cell was well mixed by usng
ameagnetic gir bar activated by an externd magnet benesth the cdll.

At afixed temperature, the solution in the cell was compressed
to a single phase. The snlution was maintained in the one-phase
region & the desred operating temperature for at least 30-40 min
90 that the cdl could reach thermd equilibrium. The pressure wes
then dowly decreased urttil the solution reeched cloud-point. The
cloud-point pressure is defined asthe point at which the mixture be-
comes S0 opague thet it is no longer possble to see the ir bar in
the solution. The cdll was again pressurized to asingle phese, a leest
150 bar above the dloud-point pressure, and maintained for a leest
10 minutes. Cloud point messurements were repested at lesst twice
a each temperature, and were typicdly reproducible to within £3.0
bar a the highest temperatures. In the P-T region where the cloud-
point pressure increases very rgpidly for a smal change in temper-
aure, the doud points are reproducible to within £5.0 bar. Typi-

Table 1. Properties of the solvent and cosolvent used in this sudy

cdly, the lowest temperature of the cloud-point curves presented in
thiswork represents either the highest pressure of the experimental
gpparatus or the location of the crydalization boundary of the fluo-
ropolymer.

Materials Poly(vinylidene fluoride) [M,,=180,000, M,,/M =253
and M,,=275,000, M,/M,=2.57] were obtained from Aldrich Chem-
ica Co., Inc. Also, poly(vinyl fluoride) [fluoride content 41%, Tg=
41°C | was obtained from Scientific Polymer Products, Inc. The
1-propanal (99.5% purity) and 1-pentanol (98% purity) were ob-
tained from Aldrich Chemicd Co. and Junse Chemicd Co., re-
spectively. Carbon dioxide (99.9% minimum purity) was obtained
from Daesung Oxygen Co. (Yeosu, Chonnam). Huoroform (98+ %
minimum purity) was obtained from Aldrich Chemicd Co., Inc.
CHCIF, (99.9% minimum purity) was obtained from Dongil Gas
Co. Dimethyl ether (99.9% minimum purity) was obtained from
Yeosu NCC Company. All of the solvents were used as received.

RESULTS AND DISCUSSION

The properties of the solvents and cosolvents used in this study are
shownin Teble1 [Reid et d., 1987; Daubert and Danner, 1989]. For
the poly(vinylidene fluoride)-solvents sysems, CO,, CHI;, CHCIF,
and DME were used as solvents. For the poly(vinylidene fluoride)-
solvents-cosolvents, 1-propanal and 1-pentanol were usad as cosol-
vents.

CO, have the critica pressure, critical temperature, criticd den-
sty and polarizabilities. However, CO, has a quadrupole moment
but does not have a dipole moment. CHF; has the criticd pressure,
criticd temperature, critica dengty, dipole moment and polarizabili-
ties. CHCIF, possesses a dipole moment (1.4 D). DME has both
polarizability and dipole moment. The dipole moment increasesin
the order of CHF,>CHCIF,>DME>CO,. The polarizability has a
CO, (271x10® am), CHF,; (265%10% cm®), CHCIF, (no literature)
and DME (52.2x10°% cn’).

The critical temperaturesfor 1-propanol and 1-pentanal increase
as the molecular weight increases, while the criticad pressure and
critical dengty for them decrease. The dipole moment has sSmilar
1-propanol and 1-pentanal.

1. Phase Behavior of Binary System

Theimpact of polymer backbone architecture on fluoropolymer
solubility in supercriticd fluid solventsis Sudied by sysematicdly
varying the chemica type of the repegt unitsin the main chain. A
varigble-volume view cdl, cgpable of operaing to high temperatures
and high pressures, was designed and implemented to meet these
extreme operating conditions.

Fig. 2 shows the comparison between the phase behavior of ~5

Solvents M, T, (°C) P, (bar) p. (g/lem?) Polarizahility (cm™ 10%) Dipole moment (D) W

COo, 44.0 31.0 73.8 0.469 26.5 0.0 0.225
CHF; 70. 26.2 48.6 0.528 26.5 16 0.260
CHCIF, 86.5 96.1 49.7 0.525 14 0.221
DME 46.1 126.8 524 0.271 52.2 13 0.200
1-Propanol 60.1 263.6 51.7 0.274 17 0.623
1-Pentanal 88.1 315.0 39.1 0.270 17 0.579
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Fig. 2. Comparison of the doud-paint curve of paly(vinylidenefluo-
ride) [M,,=180,000] in CO,, CHF;, CHCIF, and DME. The
crydallization boundary isdenoted by the dashed line. The
poly(vinylidene fluoride) concentration is ~5wt% in each
case

wt% PVDF [M,,=180,000] in CO,, DME, CHF; and CHCIF,. As
shown in Fg. 2, the phase behavior of the ~5wt% PVDF [M,=
180,000]-CHF; mixture presents a negative dope with dissolution
a atemperature of ~225°C and a presaure of ~2,300 bar. The doud-
point of the ~5wt% PVDF [M,=180,000] in CO, shows a plae
dope a atemperature range of 140-200°C and a pressure of ~1,600
ber. Also, the solubility of the ~5wt% PVDF [M,,=180,000]-CHCIF,
and -DME mixture presents a postive dopein lower pressure & a
range of temperature of 90 to 180 °C and arange of pressure of 45
to 730 bar. At 170°C, the phase behavior boundary has shifted from
2,100 bar (CHF;), 1,600 bar (CO,), 700 bar (CHCIF,) to 300 bar
(DME).

Fg. 3 shows the phase behavior curve of PVDF [M,,=275,000]
dissolved in aupercriticd CO,, DME, CHF; and CHCIF,,. The doud-
point behavior for PVDF [M,,=275,000]-CO,, CHF, and CHCIF,
system exhibits UCST curveswith a negative dope. The phase be-
havior of PVDF [M,,=275,000]-DME mixture exhibits LCST curve
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Fig. 3. Comparison of the doud-point curve of paly(vinylidenefluo-
ride) [M,=275,000] in CO,, CHF;, CHCIF, and DME. The
crydtallization boundary isdenoted by the dashed line. The
poly(vinylidene fluoride) concentration is ~5wt% in each
case.
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Fig. 4. Comparison the doud-point curve of poly(vinylidene fluo-
ride) [M,,=180,000 and 275,000] in CO,. The pay(vinylidene
fluoride) concentration is~5wt% in each case.

with a postive dope. The PVDF [M,,=275,000]-CO,, CHF; and
CHCIF, system is present a the temperature range of 90-260°C
and pressure to 2,170 bar. At 180 °C the phase behavior boundary
has shifted from 2,200 bar (CHF;) to 300 bar (DME) and it is due
to the polarizability difference of CHF; (2.65x10°* cm®) and DME
(52.2x10°% o).

Fig. 4 shows a comparison between the cloud-point of ~5wt%
PVDF [M,,=180,000]-CO, and ~5wt% PVDF [M,,=275,000]-CO,
mixture. At 170 °C, the pressure difference of solubility curve for ~5
Wt% PV DF [M,=180,000]-CO, and ~5 wt% PV DF [M,=275,000]-
CO, sysem has shifted from 1,620 bar to 1,630 bar, and thisis due
to the molecular weight difference.

Fig. 5 shows the comparison between the phase behavior of ~5
wt% PVDF [M,,=180,000]-CHCIF, and ~5wt% PVDF [M,=
275,000]-CHCIF, sysem a atemperature range of 120-215°C and
a pressure range of 706-760 bar. The pressure difference of the sol-
ubility curve for two sysems has about 25 bar a 170 °C.

2. Phase Behavior of Ternary System

Fg. 6 shows the effect of CHCIF, on the cloud-point curves of
the ~5wt% PVDF [M,=180,000]-CHF; sysem obtained in this
gudy. The PYDF [M,,=180,000] does dissolvein pure CHF; to tem-
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Fig. 5. Comparison the doud-point curve of poly(vinylidene fluo-
ride) [M,,=180,000 and 275,000] in CHCIF,. The paly(vinyl-
idenefluoride) concentration is~5wt% in each case.
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Fig. 6. Effect of CHCIF, on the phase behavior of the poly(vinyl-
idenefluoride) [M,,=180,000] in CHF; sysem. The crydal-
lization boundary is denoted by the dashed line. The paly
(vinylidenefluoride) concentration is~5wt% in each case.

perature of 225 °C and pressure of 2,300 bar. When 9wt% CHCIF,
is added to the PVDF [M,,=180,000]-CHF; solution, the doud-paint
curve exhibits UCST-type phase behavior of the negative dope a
temperature range from 157 to 200°C. With 19 wt% CHCIF, added
to the solution, the cloud-paint curve exhibits UCST-type phase
behavior of a negative dope. The cloud-point curve shows adight
dopea 1,500-1,680 bar and & atemperature range of 148 to 200°C.
Also a 170°C, the doud-point pressure of the PVDF [M,,=180,000]-
CHF,-CHCIF, system decreases by ~200 bar with the first 9wt%
CHCIF, addition to the solution, and it decreases by ancther ~400
bar with the addition of 18 wt% CHCIF.. The phase behavior curve
with 40 wt% CHCIF, has adightly negative dope a atemperature
range from 140 to 190 °C and pressure to 1,400 bar.

Hg. 7 presents the doud-paint experimentd behavior of the PVDF
[M,,=180,000]-CO,-x wt% DME systemn data obtained in this sudy.
The PVYDF [M,,=180,000] does dissolve in pure CO, to atempera
ture of 200°C and pressure of 1,658 bar. When 11wt% DME is
added to the PVDF [M,,=180,000]-CO, solution, the phase behav-
ior exhibits UCST-type phase behavior of the dightly negative dope
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Fig. 7. Effect of DME on the phasebehavior of the poly(vinylidene
fluoride) [M,,=180,000] in CO, sysem. The crydallization
boundary isdenoted by the dashed line. The padly(vinylidene
fluoride) concentration is~5wt% in each case.
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Fig. 8. Effect of DME on the phase behavior of the paly(vinylidene
fluoride) [M,=275,000] in CHF; sysem. The crysalliza-
tion boundary is denated by the dashed line. The poly(vinyl-
idenefluoride) concentration is~5wt% in each case.

a temperature range from 130 to 195 °C. Also with 29 wt% DME
added to the solution, the doud-point curve exhibits LCST-type
phase behavior of the positive dope. At 160°C, the doud-point pres-
aure of the PVDF [M,,=180,000]-CO,-DME system decreases by
~450 bar with the firg 11 wt% DME addition to the solution, and
it decreases by another ~350 bar with the addition of 31 wit%. When
60 wt% DME is added to the solution, the phase behavior curve
exhibits LCST-type doud-point behavior with a postive dope. The
phase behavior curve with 60 wt% DME shows a a temperature
range of 100 to 190 °C and a pressure range from 350 to 540 bar.

Fig. 8 shows the impact of the phase behavior of PVDF [M,,=
275,000]-CHF;-x wt% DME mixture obtained in this work. With
15wt% DME added to the solution, the dloud-point curve exhibits
UCST type phese behavior with anegative dope. With 40wt% DME
in solution the doud-point pressure remains virtudly flat a 700 bar
over atemperature range of 120 to 185°C. Asshownin Fg. 8, the
PVDF [M,,=275,000]-CHF-15 and 40 wt% DME system has low-
er doud-point pressure asthe DME increases

Fig. 9 shows the effect of CHCIF, on the phase behavior of the
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Fig. 9. Effect of CHCIF, on the phase behavior of the paly(vinyl-
idenefluoride) [M,,=275,000] in CO, sysem. Thecrydalliza-
tion boundary is denoted by the dashed line The poly(vin-
ylidene fluoride) concentration is~5wt% in each case.
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Fig. 10. Effect of 1-propanal on the phasebehavior of the poly(vin-
ylidene fluoride) [M,,=180,000] in CO, sysem. The poly
(vinylidenefluoride) concentration is~5wt% in each cae.

PVDF [M,=275,000]-CO, mixture. The PVDF [M,=275,000]-
CO-10, 26, 40, and 61 wt% CHCIF, sysem presentsavirtualy flat
pressure of 1,500 bar, 1,300 bar, 1,200 bar and 1,000 bar & con-
dant temperature of 170 °C, repectively.
3. Phase Behavior of PVDF-Supercritical Solvents-1-Alkanol
System

Fg. 10 shows the effect of 1-propanol on the cloud-paint of the
PVDF [M,,=180,000]-CO, system obtained in thiswork. The PVDF
[M,,=180,000]-CO-5wt% 1-propanol mixture shows a virtudly
flat curve at a temperature range of 125-200°C and pressure up to
~1,300 bar. When 20 wt% 1-propanadl is added to the solution, the
phase behavior exhibits LCST region doud-point behavior with
dightly positive dope With 48 wt% 1-propandl in solution, the doud-
point curveis presented as dmogt virtudly flat a atemperature range
from 130°C to 180°C, and the phase behavior presaure increeses
rapidly at below 130 °C which suggests that the interchange energy
favors 1-propanol 1-propanal interactions reative to 1-propanal
PVDF interactions at these lower temperatures. If 76 wt% 1-pro-
panal is added to the solution, the cloud point curve increases in
pressure at the higher temperature of 165 °C in agreement with the

expectaion that 1-propanol 1-propanol hydrogen bonding should
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Fig. 11. Effect of 1-pentandl on the phase behavior of the poly(vin-
ylidene fluoride) [M,,=180,000] in CO, sysem. The poly
(vinylidenefluoride) concentration is~5wt% in each case.

increase with decreesing temperature.

Fg. 11 showstheimpact of 1-pentandl on the phase behavior of
the PVDF [M,,=180,000]-CO,-x wWt% 1-pentanol system obtained
in thiswork. With 5 and 16.7 wt% 1-pentanal in solution, the phase
behavior shows virtudly flat a atemperature range from 120 °C to
195°C and pressure to ~1,400 bar and ~950 bar, respectively. The
PVDF [M,=180,000]-CO.-35, 53 and 77 wt% 1-pentanol mixtures
shows the phase behavior curves of dowly increase & bdow 140°C
(35Wt%), 160 °C (53 wit%o) and 180°C (77 wt%b).

CONCLUSON

A supercritica fluid solvent was used to solubilize polar PVDF
The doud point pressures of these two poly(vinylidene fluoride)
[M,=180,000, M,/M,=253 and M,=275,000, M,/M,=2.57] are
lower in DME than thosein CO, since DME isavery dense solvert
and has aggnificant dipole moment.

The phase behavior for the sysems supercriticd CO,, CHF,
CHCIF, and DME in PVDF is measured in changes of the pressure-
temperature dope, and with cosolvent concentrations. The PVDF
CO,-DME (11, 29 and 60 wt%) and CHCIF, (10, 26, 40 and 61 wi%%)
solution showss the gppearance of atypica LCST and UCST region.
The DME (15 and 40 wt%) and CHCIF, (9, 19 and 40 wt%) for
the PVDF-CHF,; mixture showsatypicd UCST region.

The solubility curve up to ~200°C and 1,320 ber for PVDF (M=
180,000)-CO,-1-propanal system shows the change of pressure-
temperature and with 1-propanol concentration of 0, 5, 20, 48 and
76 wit%. The high pressure phase behavior for PVDF (M,,=180,000)-
CO0, 5, 17, 35, 53 and 77 wt%b 1-pentandl sysem showsthe change
of pressuretemperature curve from LCST region to U-LCST re-
gion asthe 1-pentanol concentration incresses.
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