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Abstract-Phase behavior data are presented for poly(methyl methaerylate) (PMMA: 1gg = 15,000, 120,000) in sup- 
ercrifcal solvmt mixtures of carbon dio,-dde (CO~)and clflorodifluoromethane (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 various C Q  compositions up to about 63 we0 
(on a polymer-fi-ee basis) and at temperatures up to about 100 ~ The cloud point curves exhibited tile dmmcteristics 
of a lower crifcal solufon temperature phase behavior. As tile CO, content in the solvent nzixture increased, the cloud 
point pressure at a fixed tempem~re increased significantly. Addition of CO~ to HCFC-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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I N T R O D U C T I O N  

Supercritical fluids ( SCFs ) have been used as solvents in a variety 
of chemical processes such as exla-actions and separations, fi-action- 
ations, and reactions [McHugh and Kmkonis, 1994; Chang et at., 
1996; Ryu and Kim, 1996; Noh et at., 1997]. Particularly, SCF tech- 
nology has recmtly gained great attention in the particle fcmlation 
of polymers [Bcx:knier et at., 1995; Reverchon et al., 2(~)0]. SCF 
solveigs are an s~-active altenxqtive to incompressible organic liq- 
uid solvel~, since they can have liquid-like dissolving power while 
e-d-libiting Iransport properties of a gas. Phase behavior data for pol- 
ymer-SCF systems are required for efficient operation and design 
of  SCF polymer processes. 

The selection of SCF solvel~ to dissolve polymers is often chal- 
lenging for processing applications because it is difficult to find a 
good SCF solvent that will dissolve the polymer at relatively mod- 
erate condilions. Carbon dioxide (CCh) is file favorite solvent in SCF 
processes because it has a relatively low critical temperature and 
pressure and because it is inexpensive, nonflammable, nontoxic, 
and readily available. Howevel, it is generally not a good solvent 
for dissolving high molecular weight polymers with the exception 
of fluoro-polymers [Ma~vson et at., 1995] and siloxane polymers 
[Xiong and Kimrk 1995]. Thus it has been used as an antisolvent 
when forming polymer particles using the SCF processes such as a 
supercaJtical antisolvent precipitation mettxxt [Reverchon, 1999]. 
On the other han& chlorodifluoromethane IHCFC-221 has been 
imown to be a good solvent for polar polymers [Meilchen et at., 
1991; Haschets and Shine, 1993]. 

The physical properties of the solvel~ studied in this work are 
shown in Table 1, where ~t is file pemlanmt dipole moment and o~ is 
the polarizability HCFC-22 and C Q  are higtfly volatile and non- 
toxic, and have relatively lower critical temperatures than organic 
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liquid solvents. A solvent will dissolve a polymer if it can interact 
favorably with the polymer through intermolecular forces, such as 
hydrogen txxading and dipole-dipole intemctiorlS. The specific choice 
of SCF solvents for a given polymer is tfigtfly dependent onthe in- 
termolecular forces between solvent-solvent, solvent-polymer, and 
polymer-polymer pairs in solutiort As shown in Table 1, HCFC- 
22 is a polar solvent with high dipole moment and polarizability. It 
can form hydrogen bonding with base molecules but it does not 
foml self-association [McHugh and Krukonis, 199d]. Therefore, 
its polar dipole moment is expected to interact favorably with that 
of a polar polymer. However, CCh is a nonpolar solvent with no 
dipole moment. 

Because poly~methyl methacrylate ) (PMMA) is a very polar pol- 
ymer, it does not dissolve in nonpolar solvents such as n-hexane 
and supercaJtical CO> or in mod~-ately polar solveigs such as tolu- 
ene. PMMA does dissolve in HCFC-22, chloroform, and dichloro- 
methane even at room temperature because all of them have lar- 
ge dipole moments and are capable of donating a hydrogen to the 
basic acrylate group on the polymer. Even low molecular weight 
PMMA of 50,1_x)O does not dissolve m cch or ethylene at 700 bar 
and 150 ~ even though both of these solvents have quadmpole mo- 
ments and CCh has some acid-base character. It is reported that 
PMMA in hundreds of thousands molecular weight i-ange readily 
dissolves to 20 wt% in HCFC-22 at a modest temperature of 120 
~ and pressures of 2(_~_1-3(_~)bar [McHugh and 1,5ztkonis, 1994]. 
HCFC-__ is a very polar hydrogen-donor solvent that is capable of 
hydrogen bonding to the basic acrylate group in the backbone of 
PMMA. Several other studies [Meilchen et al., 1991; Haschets and 
Shine, 1993; Lele and Shine, 1994; Lee etN., 2(-~-)0] have also shown 
that HCFC-22 is an excellent solvent for polar polymei-s that can 
cross-associate with tile acidic hydrogen m this solvent. 

Consequently, CCh is a poor solvent for PMMA, while HCFC- 
22 is an excellent solvent for the same polymel: The addition of 

~ ) polar HCFC-__ to CC ~ provides enhanced polar int~-actious betwem 
PMMA and the mixed solvent that are e-r to lead to in- 
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Name Formula M.W. T~ (~ P~ (bar) p, (debye) ct (Az) 

Cliloroclifluoromethal~e (HCFC-22) CHC1F~ 86.469 96.15 49.90 1.458 6.38 

Carbon No,wide C Q  44.01 31.06 73.84 0.0 2.911 

*T~, P~, g are obtained from the REFPROP database [McLinden et el., 

creased solubility. Thus, one can adjust the dissolving power of the 
solvent for PMMA by utilizing a mkxture of COa and HCFC-22 as 
an SCF solvent, This work is focused on detem~inmg the feasibil- 
ity of dissolving PMMA in COe+HCFC-22 solvent mixtures. We 
present the phase behavior data for the PMMA polymer in super- 
critical mi:,~res of C Q  and HCFC-22. The cloud point pressures 
were measured by using a high-pressure variable-volume view cell 
apparatus and were characterized as functions of CCL~ composition 
in the solvent m i x ,  re and polymer molecular weight. The phase 
behavior data produced in this work would be usefial for establish- 
ing operating conditions in the particle formation of PMMA by the 
supercritical antisolvent precipitation process that utilizes HCFC- 
22 as a solvent and CO~ as an antisolvent. 

EXPERIMENTAL 

1. Materials 
PMMAs were purchased from Aldrich Chemical Co. (Milwau- 

kee, WI, USA ) and used wittlout further pu~ificatio~x They have 
the weight average molecular weights (M~) of 15,())0 and 12(),0(]~) 
g/tool, respectively, provided by the supplie~: CO~ and HCFC-22 
were obtained fir)m Myung-Sin General Gas Co. (Yangsan, Kyan3g- 
nam, Korea) and Solvay Fluorides Inc. (Greenwich, CT, USA), re- 
spectively, and their certified purities were 99.99 wt%. They were 
used as received without finther purification. 
2. Apparatus 

Fig. 1 shows a schematic diagram of the expmmental apparatus 

for measuring the cloud point behavior of a polymer in a high-pres- 

1998], and ct from the CRC handbook [Lide, 1995]. 

sure solvent. The eeperimental apparatus is similar to that used by 
Lee et al. [2(~)0]. The heart of the system is the high-pressure var- 
iable-volume view cell. The cell has dimensions of 16rain i.d by 
70mm o.d., and an internal working volume of about 31 cm ~. A 
movable piston is placed inside the cell to change the cell volume. 
A pressure generator (High Pressure Equipment Co. model 50-6- 
15) is used to pressurize water and therefrom displace the piston. A 
chmge in the cell volume causes a d~ange of tt~e system pressure. 
A sapphire window (3/4" diameter by 3/4" thick) is inserted into 
the view cell for visual observation of the interior of the cell. A main 
feature of using tt~e variable-volume cell appm-ams is that tt~e con- 
centration of the system is kept constant during the experiment. C~1 
the other side, using a constant-volume cell apparatus often requires 
venlmg off solution to decrease the pressure of the system, causing 
untmown changes in the concentration of the cell contents. 

The system pressure is measured with a high-precision pressure 
gauge IDresser Heise model CC-12-G-A-(P_B, 1,1))) bar max. pres- 
sure, • bar accuracy) installed on the pressurizing fluid (water) 
side between the pressure generator and the cell. Colmecting the 
pressure gauge directly to the solvent side of the cell can cause an 
uncertainty in the exact concentration of tt~e solution clue to dead 
volume and can plug the line due to high viscosity in the case of a 
high polymer concentration solution. The pressure drop was ob- 
served to be about (]1.5 kar across the piston, and titus in each ex- 
periment the cloud point pressure was increased by 0.5 bar to ac- 

count for the pressure drop. The system tempel-amre is measured 
to within +0.1 ~ by an RTD IPt-100D) probe inserted into the cell. 
An oil bath is used to keep the system temperature coustant~ 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 
HTC-30D I. 

A visual observation of the cell inside tt~-ough the sapptm-e win- 
dow is made by a borescope (Olympus model R08(~(~4-(x)0-501 
and a CCD camera (WAT-2(r2B I connected to a TV/VCR monitor 
and a colnputel: A cold light source ( Olympus model ILK41 is used 
to provide illumination inside the view cell. A magnetic stirring sys- 
tem is equipped under the cell body to agitate the polymer solu- 
tioi1 A stimng bar in the cell is rotated by a samariual-cobalt mag- 
net located below the cell, and the magnet is driven by an electric 
motor arid an RPM controller. 
3. Method 

The experiment for measuring the cloud point of PMMA in a 
mixture of HCFC-22 and CCh was performed by the following pro- 
ce&re. To remove any entrapped air present in the cell, the cell was 
purged with enough amount of CCh gas. A certain amount of the 
PMMA polymer was loaded into the cell. and then the sfimng bar 
was placed inside the cell. The amount of the polymer loaded into 
the cell was determined by using a sensitive balance (AND model 
HM-3001 measurable to • mg. After a piston and o-rings into 
the view cell were assembled, the cell was placed inside the oil hart1 
The solvent was charged into the cell using a tfigh-pressure sample 
cylindeE In case of charging both HCFC-22 and CCh, HCFC-22 
was first charged because its vatxa - pressure was lower than that of  
CCh. The composition of each conlponent in the solvent mi\~ture 
was determined by weighing HCFC-22 and CCh sample cylinders 
before and afker charging thenl into the cell using a balance (Pre- 
cisa model 1212 M SCSI with an accuracy o f + l  rag. 

The solution in the cell was compressed by moving the piston 
located wittml the cell using the pressure generator. As the pressure 
generator pressurizes water, the compressed water displaces the pis- 
ton to the window side to decrease the cell vohane and thus raise 

the pressure in the cell. As the pressure increases, the solution in 
the cell finally becomes a single homogeneous phase. At the same 
time the solution was well agitated by a stirring bar. 

The system was heated to a desired tempem~are. Once the sys- 
tem reached thermal equilibiimn and the solution was maintained 
at a single phase, the pressure was then slowly reduced until the 
solution became cloudy, by displacing the piston back to the water 
side with the pressure generatol: Enough 61ne was allowed to en- 
sure thermal equilibrium during the pressure reduction. The pres- 
sure was reduced at a rate of about 0.5 h~-/min when the cloud point 
pressure was approachec[ At a f~,ced polymer concenbation, sol- 
vent composition, and temperature, the cloud point indicating the 
single to liquid-liquid pt~se b-0zlsitic~l was defined as the pressure 
at which it was no longer possible to visually observe the stinmg 
bar [Meilchen et ak 1991; Lee et ak 2000]. For obtaiimlg consis- 
tent measurements~ every measurement was repeated at lea~st twice 
at each temperature. 

The temperature of the system was raised in about 10 ~ incre- 
mei~s, and the above procedure was repeated, thus crea~lg a pres- 
sure-tempemlure IP-T I cloud point curve at fLxed polymer and sol- 
vent concentrations. In this work the PMMA concenWation was kept 
constant arbitrarily around 5 wt% in order to exclude the effect of 
the polymer concentration on the phase behavior. The ma:dmum 
temperature was set to about 11XI ~ to avoid thennal degradation 
of  o-rings and polymers. 

RESULTS AND DISCUSSION 

The phase behavior of PMMA in a mixed solvent of CCh and 
HCFC-22 was investigated as a function of temperature, polymer 

Table 2. Experimental data of cloud points of PMMA (M~.= 
15,000) in solvent mixtures of CO2 and HCFC-22 

C Q  composition PMMA concenb-ation Temperature Pressure 
in mixed 

in solution** (wt~ 0) (~ (bar) 
solvent* (wt~ 

0.00 4.98 59.2 24.5*** 
64.5 29.6 
69.7 45.5 
80.0 77.9 
90.2 108.5 
99.8 138.7 

12.48 5.03 29.7 21.5"** 
37.4 24.8*** 
50.1 37.5 
59.6 74.5 
69.5 111.5 
79.8 146.2 
89.7 180.6 
99.6 213.0 

18.09 5.00 40.4 32.5*** 
49.5 63.7 
59.8 104.7 
69.7 143.2 
79.5 178.5 
89.8 216.0 

100.0 250.9 

30.74 4.91 29.6 33.7*** 
39.6 96.5 
49.4 145.5 
59.8 192.7 

69.5 231.4 
79.7 275.5 
89.7 314.4 

99.8 351.5 
37.67 4.99 27.6 35.5*** 

40.1 152.7 
50.0 204.5 
60.0 253.5 
69.9 294.3 
79.9 338.0 
89.9 379.5 
99.9 417.0 

44.98 4.99 30.2 40.6*** 
39.9 225.5 
49.6 278.3 

59.5 331.1 
70.1 378.5 
79.4 420.5 
89.5 459.5 
99.4 499.5 

January, 2002 
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Table 2. Continued 

CO~ composition PMMA concentration Temperature Pressure 
in mL, ced 

in solution** (wt~ (~ (bar) 
solvent* (wt%) 

52.22 4.98 37.3 50.9*** 
39.9 319.0 
50.6 377.4 

60.1 432.5 
69.6 476.8 

79.2 520.5 
89.7 567.5 

99.5 604.5 
62.97 5.09 39.9 550.5 

49.6 602.6 
59.5 654.9 
69.7 697.7 

79.5 742.3 
89.8 779.3 
100.0 816.2 

Table 3. Continued 

CO2 composition PMMA concentration Temperature Pressure 
in mixed 

in solution** (wt%) (~ (bar) 
solvent* (wt%) 

17.00 4.96 40.0 77.5 
49.8 123.7 

59.7 171.1 

69.5 215.9 
79.7 260.5 

88.8 297.5 
100.0 344.0 

21.44 5.02 39.5 111.5 
50.8 168.4 

60.1 215.5 
69.6 260.7 
79.5 306.1 

89.7 352.4 

99.4 392.6 

29.50 4.92 41.1 195.5 
49.5 242.5 
59.1 295.1 
69.3 349.0 
79.3 397.5 
89.2 445.5 
99.5 491.3 

39.17 4.91 40.4 312.7 

49.3 366.6 

59.1 426.5 
70.7 492.0 

79.2 540.5 
89.5 591.0 

100.1 640.7 

47.26 5.23 39.6 455.5 
49.7 525.5 

60.0 591.6 
69.5 649.5 
79.8 708.7 
89.2 756.1 

100.2 810.0 

53.59 4.88 41.5 657.7 
50.3 719.7 

59.4 779.3 
69.6 840.5 
80.1 897.0 

*On a polymer-fi-ee basis. 

**Weight percent of total in solution. 
***Liquid to liquid-vapor transition pressure. 

molecular weight, and solvent composition in raNed solvents. The 
experimental cloud point data are given in Tables 2 and 3. In this 
work, the polymer concenb-atic~l in the solution was f~,~ed at about 
5 wt%, to eliminate the effect of the polymer concentration on the 

cloud poilU. For most of polymer-SCF systems, it is imown that 
the polymer concenb-ation of about 5 wt% is the concentration to 
give the maximurn pressure in the pressure-polymer concenlration 

isotherm [McHugh and Kn~onis, 1994]. Haschets and Shine [1993] 
also reported that the ma:dmum pressure was observed at the pol- 

Table 3. Experimental data of cloud points of PMMA (M~= 
120,000) in solvent m~tures of CO2 and HCFC-22 

CO2 composition PMMA concentration Temperature Pressure 
in mixed 

in solution** (we0) (~ (bar) 
solvent* (wt%) 

0.00 4.99 39.6 16.6"** 

50.3 21.6"** 
52.6 24.7 
59.7 49.5 
69.1 85.1 
80.1 125.5 

89.4 159.2 
100.0 195.7 

9.97 5.10 36.5 24.5*** 
40.1 32.0 
49.4 71.7 
59.5 116.0 
68.7 154.5 

80.7 204.5 
89.2 238.5 

100.0 278.5 

*On a polymer-free basis. 
**Weight percent of total in solution. 

***Liquid to liquid-vapor transition pressure. 

ymer concelm'ation between 3 and 8 wt% for the PMMAMCFC- 
22 system. 

Fig. 2 shows rite P-T isopleths of the cloud points of PMMA in 
pure HCFC-22 solvent for the PMMAs with molecular weights of 

15,(x)0 and 120,(x)0. The satul-ation curve of HCFC-2~ winch is 
obtained from Dauber* and DarNer [1994], is also shown along with 
the cloud point data. Above each cloud point is the single-pt~se 
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Fig. 2. Effect of polymer molecular weight on cloud points of 
PMMA in pure HCFC-22. 

region, and below the point is the liquid-liquid two-phase regiort 
The cloud point pressure increased as the temperature increase& 
indicating that the system eMlibited a typical lower critical solution 
temperature (LCST) behavior. In other words, as the temperature 
incre&se& a tfigh~- pressure was needed to obtain a single-phase 
solution from a two-phase solution The cloud point pressure was as 
low as about 2(0 lx~- even at 100 ~ for the PMMA ofM,  120,0(0, 
indicating that HCFC-22 was an e'~cellent solvent to dissolve the 
PMMA. HCFC-22 can form hydrogen bonding with the base mol- 
ecules, and thus the eifl~lced solvent power of HCFC-22 is a~ib- 
uted to the hydrogen bonding of the hydrogen atom m HCFC-22 
with the aclylate group in the backbone of PMMA. The effect of file 
hydrogen bonding is evident with the HCFC-22 cloud point curves, 
which are situated at very low pressures. 

As the PMMA inolecular weight increased, the cloud point pres- 
sure increased Increasing the polylner molecular weight reduced 
the single-phase regiort This indicates that PMMA becomes less 
soluble in HCFC-22 as its molecular weight increases, which is con- 
sistent with the results of other polymer-SCF systems. The cloud 
point curves intersected the HCFC-22 saturation curve at the lower 
critical end points ILCEPs ), at wttidl the fluid to liquid-liquid pt~se 
transition ended. The liquid to liquid-vapor phase transitions ocomxed 
on the HCFC-22 saturation curve at temperatures below the LCEP. 
As shovm in Fig. 2, the liquid to liquid-vapc~- ttarlsition points meas- 
ured e-~pelinl~ltally agreed well with the HCFC-22 saturation curve. 
The LCEP was observed around 63 ~ for the PMMA of M,  
15,000, and around 51 ~ for the PMMA ofM~=120,000. 

Fig. 3 shows the P-T isoplefl~s of the cloud points of PMMA IM~ 
15,(XO ) in the mi'~ed solv~lts of C Q  and HCFC-22 for various C Q  
compositions up to about 63 wt% ton a polymer-free basis). The 
PMMA concentration in the solution was kept constant at 15.00+ 
0.03) wt% of total. For all the C Q  compositions, the cloud point 
curves e-,:l-n%ited the characteristics of an LCST curve and had sim- 
tim- slopes. C Q  is not a good solvent to dissolve the PMMA pol- 
ymer. In our preliminary work PMMA IM~=I 5,0(~)) was observed 
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Fig. 3. P-T isopleths of cloud points of PMMA (M~=15,000) in a 
CO2+HCFC-22 mixed solvent Compositions of CO 2 in the 
ms solvent on a polymer-free basis: ( ( ) )  0.0wt% ; (O)  
12.48wt%; ([ I) 18.09wt%; ( I )  30.74wt% ; (@) 37.67 
wt%; (@) 44.98 wt%; (/%) 52.22 wt%; (&) 62.97 wt%. 

to be not completely soluble in pure CO2 at pressures as high as 
1,1)(O bar and at temperatures up to 1 (O ~ On the other han& the 
PMMA was readily soluble in HCFC-22 of sanmated liquid state, 
as shorn1 in Fig. 2 or 3. Howevel; the cloud point pressure at a fkxed 
temperature increased significantly with increasing C Q  contempt m 
the solvent mk-,-ture. As the CO2 composition in the solvent increase& 
the cloud point curve was stifled to tfigher pressures so fiat the sin- 
gle-phase region of polymer-solvent miscibility st~urkk. Additic~l 
of CO2 to HCFC-22 caused a lowering of the dissolving power of 
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Fig. 4. Effect of CO= composition in a mixed solvent on tile cloud 
point pressures of PMMA (M~=15,000) at various temper- 
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the mkxed solvent This can be attributed to the decrease of the sol- 
vent polmJty by the increase of Cs composition m the mLxed sol- 
vent. 

The P-T isopleths of the cloud points given in Fig. 3 were filr- 
ffter ct~aractelized by drawing the cloud point pressures as a func- 
tion of solvent composition. Fig. 4 shows the effect of CO_, compo- 
sition m the tuned solvent on the cloud point pressures at several 
temperatures for the PMMA (M~=I5,01))L It was obtained by fit- 
ring the cloud point curves of Fig. 3 at different CCh compositions 
with polynomial equations and then by cletemtirfing the pressures 
corresponding to desired temperatures from the curve fits. The cor- 
relation coefficients of the ctrve fits, which expressed the good- 
ness of the fits, were greater than 0.999 for all cases. The cloud point 
pressures increased sharply with increasing the CCh composition 
m rite mLxed solvent. 

Fig. 5 illustrates the P-T isopleths of the cloud points of PMMA 
(M~=120,(x)0 )in the mNed solvents of CO, and HCFC-22 for var- 
ious CCh compositions. The PMMA concentration m the solution 
was kept constant at (5.1))• w19.0 of total. Fig. 6 gives the ef- 
fect of CCh composition m the raked solvent on the cloud point 
pressures at several temperatures for the PMMA (M~=I20,(x)01. 
Figs. 5 and 6 gave higher cloud point pressures than those in Figs. 
3 mtd 4 because the PMMA of bigger molecular weight was used 
As the CO.~ composition in the mixed solvent increase& the cloud 
point pressures increased sharply. 

CONCLUSIONS 

The phase behavior data were measured for the PMMA poly- 
mer in supercritical solvent mixlures of CO, and HCFC-22 by using 
a tfigh-piessure equilibrium appm-atus equipped with a vaJable- 
volume view cell. The cloud point pressures were determined as a 
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Fig. 6. Effect of CO, composition in a mNed solvent on the cloud 
point pressures of PMMA (M~=120,000) at various tem- 
peratures. 

fitncfion of solvent composition at various CO2 compositions up to 
about 63 ~q.o (on a polymer-free basis) and at temperatures up to 
about 11XI ~ and as a function of polymer molecula- weight for 
the PMMAs with the molecular weights of 15,000 and 120,0(x). 
The cloud point curves exhibited the cha-acte~Jstics of an LCST- 
type phase behavior. As the CO.~ content in the solvent mkxture in- 
creased, the cloud point pressure at a ftxed temperature increased 
significaiNy. Addition of CCh to HCFC-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 increas- 
ing the PMMA molecular weight. 
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