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Abstract—Phase behavior data are presented for poly(methyl methacrylate) (PMMASMO00, 120,000) in sup-
ercritical solvent mixtures of carbon dioxide (@nd chlorodifluoromethane (HCFC-22). Experimental cloud point
curves, which were the phase boundaries between single and liquid-liquid phases, were measured by using a high-pres-
sure equilibrium apparatus equipped with a variable-volume view cell at variguo@positions up to about 63 wt%
(on a polymer-free basis) and at temperatures up to abof€10Be cloud point curves exhibited the characteristics
of a lower critical solution temperature phase behavior. As thec@tent in the solvent mixture increased, the cloud
point pressure at a fixed temperature increased significantly. Addition goGECFC-22 caused a lowering of the
dissolving power of the mixed solvent due to the decrease of the solvent polarity. The cloud point pressure increased
with increasing the molecular weight of PMMA.
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INTRODUCTION liquid solvents. A solvent will dissolve a polymer if it can interact
favorably with the polymer through intermolecular forces, such as

Supercritical fluids (SCFs) have been used as solvents in a varietyydrogen bonding and dipole-dipole interactions. The specific choice
of chemical processes such as extractions and separations, fractias-SCF solvents for a given polymer is highly dependent on the in-
ations, and reactions [McHugh and Krukonis, 1994; Chang et al.termolecular forces between solvent-solvent, solvent-polymer, and
1996; Ryu and Kim, 1996; Noh et al., 1997]. Particularly, SCF tech-polymer-polymer pairs in solution. As shown in Table 1, HCFC-
nology has recently gained great attention in the particle formatior22 is a polar solvent with high dipole moment and polarizability. It
of polymers [Bodmier et al., 1995; Reverchon et al., 2000]. SCFcan form hydrogen bonding with base molecules but it does not
solvents are an attractive alternative to incompressible organic ligform self-association [McHugh and Krukonis, 1994]. Therefore,
uid solvents, since they can have liquid-like dissolving power whileits polar dipole moment is expected to interact favorably with that
exhibiting transport properties of a gas. Phase behavior data for pobf a polar polymer. However, G@& a nonpolar solvent with ho
ymer-SCF systems are required for efficient operation and desigdipole moment.
of SCF polymer processes. Because poly(methyl methacrylate) (PMMA) is a very polar pol-

The selection of SCF solvents to dissolve polymers is often chalymer, it does not dissolve in nonpolar solvents such as n-hexane
lenging for processing applications because it is difficult to find aand supercritical CQor in moderately polar solvents such as tolu-
good SCF solvent that will dissolve the polymer at relatively mod-ene. PMMA does dissolve in HCFC-22, chloroform, and dichloro-
erate conditions. Carbon dioxide (§@ the favorite solventin SCF  methane even at room temperature because all of them have lar-
processes because it has a relatively low critical temperature angke dipole moments and are capable of donating a hydrogen to the
pressure and because it is inexpensive, nonflammable, nontoxitasic acrylate group on the polymer. Even low molecular weight
and readily available. However, it is generally not a good solvenfPMMA of 50,000 does not dissolve in €@ ethylene at 700 bar
for dissolving high molecular weight polymers with the exception and 150C even though both of these solvents have quadrupole mo-
of fluoro-polymers [Mawson et al., 1995] and siloxane polymers ments and CChas some acid-base character. It is reported that
[Xiong and Kiran, 1995]. Thus it has been used as an antisolverMMA in hundreds of thousands molecular weight range readily
when forming polymer particles using the SCF processes such asdissolves to 20 wt% in HCFC-22 at a modest temperature of 120
supercritical antisolvent precipitation method [Reverchon, 1999].°C and pressures of 200-300 bar [McHugh and Krukonis, 1994].
On the other hand, chlorodifluoromethane (HCFC-22) has beetCFC-22 is a very polar hydrogen-donor solvent that is capable of
known to be a good solvent for polar polymers [Meilchen et al.,hydrogen bonding to the basic acrylate group in the backbone of
1991; Haschets and Shine, 1993]. PMMA. Several other studies [Meilchen et al., 1991; Haschets and

The physical properties of the solvents studied in this work areShine, 1993; Lele and Shine, 1994; Lee et al., 2000] have also shown
shown in Table 1, whegeis the permanent dipole moment arid that HCFC-22 is an excellent solvent for polar polymers that can
the polarizability. HCFC-22 and G@re highly volatile and non-  cross-associate with the acidic hydrogen in this solvent.
toxic, and have relatively lower critical temperatures than organic Consequently, CQs a poor solvent for PMMA, while HCFC-
22 is an excellent solvent for the same polymer. The addition of
To whom correspondence should be addressed. polar HCFC-22 to COprovides enhanced polar interactions between
E-mail: bclee@mail.hannam.ac.kr PMMA and the mixed solvent that are expected to lead to in-
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Table 1. Physical properties of the solvents used in this study*

Name Formula M.W. I(C) P, (bar) U (debye) a (A?)
Chlorodifluoromethane (HCFC-22) CHGIF 86.469 96.15 49.90 1.458 6.38
Carbon dioxide Cco 44.01 31.06 73.84 0.0 2911

*T., P, W are obtained from the REFPROP database [McLinden et al., 1998),femt the CRC handbook [Lide, 1995].

creased solubility. Thus, one can adjust the dissolving power of theure solvent. The experimental apparatus is similar to that used by
solvent for PMMA by utilizing a mixture of C@&nd HCFC-22 as  Lee et al. [2000]. The heart of the system is the high-pressure var-
an SCF solvent. This work is focused on determining the feasibiliable-volume view cell. The cell has dimensions of 16 mm i.d. by
ity of dissolving PMMA in CG+HCFC-22 solvent mixtures. We 70 mm o.d., and an internal working volume of about 31 &m
present the phase behavior data for the PMMA polymer in supemovable piston is placed inside the cell to change the cell volume.
critical mixtures of CQand HCFC-22. The cloud point pressures A pressure generator (High Pressure Equipment Co. model 50-6-
were measured by using a high-pressure variable-volume view cell5) is used to pressurize water and therefrom displace the piston. A
apparatus and were characterized as functions p€@@position change in the cell volume causes a change of the system pressure.
in the solvent mixture and polymer molecular weight. The phaseA sapphire window (3/4" diameter by 3/4" thick) is inserted into
behavior data produced in this work would be useful for establishthe view cell for visual observation of the interior of the cell. A main
ing operating conditions in the particle formation of PMMA by the feature of using the variable-volume cell apparatus is that the con-
supercritical antisolvent precipitation process that utilizes HCFC-centration of the system is kept constant during the experiment. On

22 as a solvent and G@s an antisolvent. the other side, using a constant-volume cell apparatus often requires
venting off solution to decrease the pressure of the system, causing
EXPERIMENTAL unknown changes in the concentration of the cell contents.
The system pressure is measured with a high-precision pressure
1. Materials gauge (Dresser Heise model CC-12-G-A-02B, 1,000 bar max. pres-

PMMAs were purchased from Aldrich Chemical Co. (Milwau- sure, 1.0 bar accuracy) installed on the pressurizing fluid (water)
kee, WI, USA) and used without further purification. They have side between the pressure generator and the cell. Connecting the
the weight average molecular weights,Jdf 15,000 and 120,000 pressure gauge directly to the solvent side of the cell can cause an
g/mol, respectively, provided by the supplier. ,Gdd HCFC-22  uncertainty in the exact concentration of the solution due to dead
were obtained from Myung-Sin General Gas Co. (Yangsan, Kyungvolume and can plug the line due to high viscosity in the case of a
nam, Korea) and Solvay Fluorides Inc. (Greenwich, CT, USA), re-high polymer concentration solution. The pressure drop was ob-
spectively, and their certified purities were 99.99 wt%. They wereserved to be about 0.5 bar across the piston, and thus in each ex-
used as received without further purification. periment the cloud point pressure was increased by 0.5 bar to ac-
2. Apparatus count for the pressure drop. The system temperature is measured

Fig. 1 shows a schematic diagram of the experimental apparatu® within £0.1°C by an RTD (Pt-10R) probe inserted into the cell.
for measuring the cloud point behavior of a polymer in a high-pres-An oil bath is used to keep the system temperature constant, and
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Fig. 1. A schematic diagram of the experimental apparatus for measuring cloud points.
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its temperature is controlled by an oil circulator (Jeio-Tech model RESULTS AND DISCUSSION
HTC-30D).
A visual observation of the cell inside through the sapphire win- The phase behavior of PMMA in a mixed solvent of, @
dow is made by a borescope (Olympus model R080-044-000-50HCFC-22 was investigated as a function of temperature, polymer
and a CCD camera (WAT-202B) connected to a TV/VCR monitor
and a computer. A cold light source (Olympus model ILK-5) is used
to provide illumination inside the view cell. A magnetic stirring sys- Table 2. Experimental data of cloud points of PMMA (M,=
tem is equipped under the cell body to agitate the polymer solu- 15,000) in solvent mixtures of C@and HCFC-22
tion. A stirring bar in the cell is rotated by a samarium-cobalt mag-co, composition ]
net located below the cell, and the magnet is driven by an electric i, mixed T VWA concentration TemperaturePressure

motor and an RPM controller. solvent* (wi%) " solution™ (wt%) (°C) (bar)
3. Method
The experiment for measuring the cloud point of PMMA in a 0.00 4.98 654952 ;g'g***
mixture of HCFC-22 and CQvas performed by the following pro- 69.7 45'5
cedure. To remove any entrapped air present in the cell, the cell was 80.0 77'9
purged with enough amount of C@as. A certain amount of the 90'2 108.5
PMMA polymer was loaded into the cell, and then the stirring bar 99' 8 138.7
was placed inside the cell. The amount of the polymer loaded into ) '
the cell was determined by using a sensitive balance (AND model 12.48 .03 29.7 21'5:::
HM-300) measurable to +0.1 mg. After a piston and o-rings into 37.4 24.8
the view cell were assembled, the cell was placed inside the oil bath. 50.1 37.5
The solvent was charged into the cell using a high-pressure sample 9.6 74.5
cylinder. In case of charging both HCFC-22 and,,GECFC-22 69.5 1115
was first charged because its vapor pressure was lower than that of 79.8 1462
CO.. The composition of each component in the solvent mixture 89.7 180.6
was determined by weighing HCFC-22 and,G&mnple cylinders 99.6 2130
before and after charging them into the cell using a balance (Pre-  18:09 5.00 40.4  32.5"*
cisa model 1212 M SCS) with an accuracy of +1 mg. 49.5 63.7
The solution in the cell was compressed by moving the piston 59.8  104.7
located within the cell using the pressure generator. As the pressure 69.7 1432
generator pressurizes water, the compressed water displaces the pis- 79.5 1785
ton to the window side to decrease the cell volume and thus raise 89.8  216.0
the pressure in the cell. As the pressure increases, the solution in 100.0° 250.9
the cell finally becomes a single homogeneous phase. At the same ~ 30-74 4.91 296 33.7
time the solution was well agitated by a stirring bar. 39.6 96.5
The system was heated to a desired temperature. Once the sys- 494 1455
tem reached thermal equilibrium and the solution was maintained 59.8 1927
at a single phase, the pressure was then slowly reduced until the 69.5 2314
solution became cloudy, by displacing the piston back to the water 79.7 2755
side with the pressure generator. Enough time was allowed to en- 89.7 3144
sure thermal equilibrium during the pressure reduction. The pres- 99.8 3515
sure was reduced at a rate of about 0.5 bar/min when the cloud point ~ 37-67 4.99 27.6  35.5%*
pressure was approached. At a fixed polymer concentration, sol- 40.1 152.7
vent composition, and temperature, the cloud point indicating the 50.0 2045
single to liquid-liquid phase transition was defined as the pressure 60.0  253.5
at which it was no longer possible to visually observe the stirring 699 2943
bar [Meilchen et al., 1991; Lee et al., 2000]. For obtaining consis- 799 3380
tent measurements, every measurement was repeated at least twice 89.9 3795
at each temperature. 99.9 4170
The temperature of the system was raised in abd@ it@re- 44.98 4.99 30.2  40.6*
ments, and the above procedure was repeated, thus creating a pres- 39.9 225.5
sure-temperature (P-T) cloud point curve at fixed polymer and sol- 496 2783
vent concentrations. In this work the PMMA concentration was kept 59.5 3311
constant arbitrarily around 5wt in order to exclude the effect of 70.1 3785
the polymer concentration on the phase behavior. The maximum 79.4 4205
temperature was set to about ¥00o avoid thermal degradation 89.5 4595
of o-rings and polymers. 99.4 4995
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CGO, composition .
O, P PMMA concentration TemperaturePressure

CO, composition

PMMA concentration TemperaturePressure

solilnerr:[’lfx(e\)/t/jt% | in solution** (wi9%) (C) (bar) Sol;lrrﬂlxa‘jt% | in solution™ (wi%6) (°C) (bar)
52.22 4.98 37.3  50.9%** 17.00 4.96 40.0 77.5
39.9 319.0 49.8 123.7
50.6 377.4 59.7 171.1
60.1 432.5 69.5 215.9
69.6 476.8 79.7 260.5
79.2 520.5 88.8 297.5
89.7 567.5 100.0 344.0
99.5 604.5 21.44 5.02 395 1115
62.97 5.09 39.9 550.5 50.8 168.4
49.6 602.6 60.1 2155
59.5 654.9 69.6 260.7
69.7 697.7 79.5 306.1
79.5 742.3 89.7 352.4
89.8 779.3 99.4 392.6
100.0 816.2 29.50 4.92 411 1955
*On a polymer-free basis. 495 2425
*Weight percent of total in solution. 59.1 295.1
***[_jquid to liquid-vapor transition pressure. 69.3 349.0
79.3 397.5
89.2 4455
molecular weight, and solvent composition in mixed solvents. The 995 4913
experimental cloud point data are given in Tables 2 and 3. In this 39.17 4.91 404 3127
work, the polymer concentration in the solution was fixed at about 493 366.6
5wt%, to eliminate the effect of the polymer concentration on the 591 426.5
cloud points. For most of polymer-SCF systems, it is known that 70.7 492.0
the polymer concentration of about 5wt% is the concentration to 79.2 540.5
give the maximum pressure in the pressure-polymer concentration 89.5  591.0
isotherm [McHugh and Krukonis, 1994]. Haschets and Shine [1993] 100.1 6407
also reported that the maximum pressure was observed at the pol- 47.26 5.23 39.6 4555
49.7 525.5
Table 3. Experimental data of cloud points of PMMA (M,= 600 5916
120,000) in solvent mixtures of CQand HCFC-22 69.5 649.5
— 79.8  708.7
COziEOr:;)F(JéJSIIIOHPMMA concentration TemperaturePressure 89-? 756.1
in solution** (Wt%) (°C) (bar) 100.z  810.0
solvent* (wi%) 53.59 4.88 415 657.7
0.00 4.99 39.6 16.6*** 50.3 719.7
50.3 21.6%** 59.4 779.3
52.6 247 69.6 840.5
59.7 495 80.1 897.0
69.1 85.1 *On a polymer-free basis.
80.1 1255 *Weight percent of total in solution.
89.4 159.2 ***|_jquid to liquid-vapor transition pressure.
100.0 195.7
9.97 5.10 36.5 24 5%**
40.1 320 ymer concentration between 3 and 8 wt% for the PMMA/HCFC-
494 717 22 system.
59.5  116.0 Fig. 2 shows the P-T isopleths of the cloud points of PMMA in
68.7 1545 pure HCFC-22 solvent for the PMMASs with molecular weights of
80.7 2045 15,000 and 120,000. The saturation curve of HCFC-22, which is
89.2 2385 obtained from Daubert and Danner [1994], is also shown along with
100.0 2785

the cloud point data. Above each cloud point is the single-phase
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Fig. 2. Effect of polymer molecular weight on cloud points of  Fig. 3. P-T isopleths of cloud points of PMMA (M,=15,000) in a
PMMA in pure HCFC-22. CO,+HCFC-22 mixed solvent. Compositions of COn the
mixed solvent on a polymer-free basis:(0) 0.0 wt%; (@)
. L . . 12.48 wt%; ([1) 18.09 wt%; (M) 30.74 wi%e; () 37.67

region, and below the point is the liquid-liquid two-phase region. Wi%; (@) 44.98 Widb; (A) 52.22 Widb; (A ) 62.97 Wid.
The cloud point pressure increased as the temperature increased,
indicating that the system exhibited a typical lower critical solution
temperature (LCST) behavior. In other words, as the temperaturt® be not completely soluble in pure £ pressures as high as
increased, a higher pressure was needed to obtain a single-phds@00 bar and at temperatures up to°@n the other hand, the
solution from a two-phase solution. The cloud point pressure was a88MMA was readily soluble in HCFC-22 of saturated liquid state,
low as about 200 bar even at 1QGor the PMMA of M,=120,000, as shown in Fig. 2 or 3. However, the cloud point pressure at a fixed
indicating that HCFC-22 was an excellent solvent to dissolve thetemperature increased significantly with increasing €@tent in
PMMA. HCFC-22 can form hydrogen bonding with the base mol- the solvent mixture. As the GEomposition in the solvent increased,
ecules, and thus the enhanced solvent power of HCFC-22 is attritihe cloud point curve was shifted to higher pressures so that the sin-
uted to the hydrogen bonding of the hydrogen atom in HCFC-22gle-phase region of polymer-solvent miscibility shrunk. Addition
with the acrylate group in the backbone of PMMA. The effect of theof CO, to HCFC-22 caused a lowering of the dissolving power of
hydrogen bonding is evident with the HCFC-22 cloud point curves,
which are situated at very low pressures. 1000

As the PMMA molecular weight increased, the cloud point pres-
sure increased. Increasing the polymer molecular weight reduce 900
the single-phase region. This indicates that PMMA becomes les:
soluble in HCFC-22 as its molecular weight increases, which is con
sistent with the results of other polymer-SCF systems. The clouc
point curves intersected the HCFC-22 saturation curve at the lowe
critical end points (LCEPS), at which the fluid to liquid-liquid phase
transition ended. The liquid to liquid-vapor phase transitions occurre
on the HCFC-22 saturation curve at temperatures below the LCE}
As shown in Fig. 2, the liquid to liquid-vapor transition points meas-
ured experimentally agreed well with the HCFC-22 saturation curve
The LCEP was observed around°63for the PMMA of M=
15,000, and around 3C for the PMMA of M,=120,000. 200

Fig. 3 shows the P-T isopleths of the cloud points of PMMAA(M
15,000) in the mixed solvents of Cahd HCFC-22 for various GO

800
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Cloud Point Pressure [bar]

300

100

compositions up to about 63 wt% (on a polymer-free basis). The 0 ot
PMMA concentration in the solution was kept constant at (5.00+ 6 1 220 3 40 50 60 70
0.03) wt% of total. For all the C@ompositions, the cloud point CO, Composition in Mixed Solvent [wt.%)]

curves exhibited the characteristics of an LCST curve and had simy=ig 4. Effect of CO, composition in a mixed solvent on the cloud
ilar slopes. CQis not a good solvent to dissolve the PMMA pol- point pressures of PMMA (M,=15,000) at various temper-
ymer. In our preliminary work PMMA (lyE15,000) was observed atures.
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1000

the mixed solvent. This can be attributed to the decrease of the sc
vent polarity by the increase of ¢&@mposition in the mixed sol-
vent.

The P-T isopleths of the cloud points given in Fig. 3 were fur-
ther characterized by drawing the cloud point pressures as a fun
tion of solvent composition. Fig. 4 shows the effect of Ginpo-
sition in the mixed solvent on the cloud point pressures at severz
temperatures for the PMMA (J#15,000). It was obtained by fit-
ting the cloud point curves of Fig. 3 at different Ompositions
with polynomial equations and then by determining the pressure:
corresponding to desired temperatures from the curve fits. The co
relation coefficients of the curve fits, which expressed the good:
ness of the fits, were greater than 0.999 for all cases. The cloud poi
pressures increased sharply with increasing thedo@position
in the mixed solvent.

Fig. 5 illustrates the P-T isopleths of the cloud points of PMMA 0
(M,=120,000) in the mixed solvents of C&hd HCFC-22 for var- o 10 20 30 40 50 60 70
ious CQ compositions. The PMMA concentration in the solution
was kept constant at (5.00+0.09) wt% of total. Fig. 6 gives the ef-
fect of CQ composition in the mixed solvent on the cloud point Fig. 6. Effect of CO, composition in a mixed solvent on the cloud
pressures at several temperatures for the PMMZA={20,000). point pressures of PMMA (M,=120,000) at various tem-

Figs. 5 and 6 gave higher cloud point pressures than those in Figs. peratures.

3 and 4 because the PMMA of bigger molecular weight was used.

As the CQ composition in the mixed solvent increased, the cloud function of solvent composition at various fompositions up to
point pressures increased sharply. about 63 wt% (on a polymer-free basis) and at temperatures up to
about 100C, and as a function of polymer molecular weight for
the PMMAs with the molecular weights of 15,000 and 120,000.
The cloud point curves exhibited the characteristics of an LCST-

The phase behavior data were measured for the PMMA polytype phase behavior. As the Ggdntent in the solvent mixture in-
mer in supercritical solvent mixtures of Cahd HCFC-22 by using  creased, the cloud point pressure at a fixed temperature increased
a high-pressure equilibrium apparatus equipped with a variablesignificantly. Addition of CQto HCFC-22 caused a lowering of
volume view cell. The cloud point pressures were determined as the dissolving power of the mixed solvent due to the decrease of

the solvent polarity. The cloud point pressure increased with increas-
ing the PMMA molecular weight.
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