Korean J. Chem. Eng.. 19(1). 132-138 (2002)

Phase Equilibria of Poly(methyl methacrylate) in Supercritical Mixtures of
Carbon Dioxide and Chlorodifluoromethane

Byung-Chul Lee* and Nam-I1 Kim

Department of Chemical Engmeering, Hammam University, 133 Ojung-dong. Taeduk-gu, Daejeon 306-791, Korea
(Received 22 AMay 2001 + accepted 2 July 2001)

Abstract—Phase behavior data are presented for poly(methyl methacrylate) (PMMA: M, =15,000, 120,000) in sup-
ercritical solvent mixtures of carbon dioxide (CO;,) and 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 various CO, compositions up to about 63 wi%o
{on a polymer-free basis ) and at temperatures up to about 100 °C. The cloud peint curves exhibited the characteristics
of a lower critical solution temperature phase behavier. As the CO; content in the solvent mixture increased, the cloud
point pressure at a fixed temperature 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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INTRODUCTION

Supercritical fluids (SCFs) have been used as solvents in a variety
of chemical processes such as extractions and separations, fraction-
ations, and reactions [McHugh and Krukonis, 1994, Chang et al.,
1996, Ryu and Kim, 1996, Noh et al., 1997]. Particularly, SCF tech-
nology has recently gained great attention m the particle formation
of polymers [Bodmier et al., 1995, Reverchon et al., 2000]. SCF
solvents are an attractive alternative to meompressible organic lig-
uid solvents, since they can have liquid-like dissolving power while
exhibiting transport properties of a gas. Phase behavior data for pol-
ymer-SCF systemns are required for efficient operation and design
of SCF polymer processes.

The selection of SCF solvents to dissolve polymers is often chal-
lenging for processing applications because 1t 15 difficult to find a
good SCF solvent that will dissolve the polymer at relatively mod-
erate conditions. Carbon dioxide (CC,) 1s the favorite solvent m SCF
processes because it has a relatively low critical temperature and
pressure and because it is inexpensive, nonflammable, nontoxic,
and readily available. However, 1t 18 generally not a goed solvent
for dissolving high molecular weight polymers with the exception
of fluoro-polymers [Mawson et al., 1995] and siloxane polymers
[Xiong and Kiran, 1995]. Thus it has been used as an antisolvent
when forming polymer particles using the SCF processes such as a
supercritical antisolvent precipitation method [Reverchon, 1999].
(On the other hand, chlorodifluoromethane (HCFC-22) has been
known to be a good solvent for polar polymers [Meilchen et al.,
1991 ;. Haschets and Shine, 1993].

The physical properties of the solvents studied in this worls are
shown m Table 1, where [l 1 the permanent dipole moment and ¢ 1
the polarizability. HCFC-22 and CO; are highly 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 bonding and dipole-dipole interactions. The specific choice
of SCF solvents for a given polymer is lughly dependent on the m-
termolecular forces between solvent-solvent, solvent-polymer, and
polymer-polymer pairs in solution. As shown in Table 1, HCFC-
22 1s a polar solvent with high dipole moment and polarizability. It
can form hydrogen bonding with base molecules but it does not
form self-association [McHugh and Krukorus, 1994]. Therefore,
its polar dipole moment is expected to interact favorably with that
of a polar polymer. However, CQ, is a nonpolar solvent with no
dipole moment.

Because polytmethyl methacrylate) (PMMA ) is a very polar pol-
ymer, it does net dissolve in nonpolar solvents such as n-hexane
and supercniical CO,, or m moderately poler solvents such as tolu-
ene. PMMA does dissolve m HCFC-22, chloroform, and dichloro-
methane even at room temperature because all of them have ler-
ge dipole moments and are capable of donating a hydrogen to the
basic acrylate group on the polymer. Even low molecular weight
PMMA of 50,000 does not dissolve 1 CO, or ethylene at 700 bar
and 150 °C even though both of these solvents have quadrupole mo-
ments and C'O; has some acid-base character. Tt is reported that
PMMA in hundreds of thousands molecular weight range readily
dissolves to 20wt in HCFC-22 at a modest temperature of 120
°C and pressures of 200-300 bar [McHugh and Krukors, 1994].
HCFC-22 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 et al., 2000] have also shown
that HCFC-22 15 an excellent solvent for polar polymers that cen
cross-associate with the acidic hydrogen mn this solvent.

Consequently, C'O, is a poor solvent for PMMA, while HCFC-
22 15 an excellent solvent for the same polymer. The addition of
polar HCFC-22 to CO, provides enhanced polar mteractions between
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. T, (°C) P, (bar) U (debye) o (A%
Chlorodifluoromethane (HCFC-22) CHCIF, 86.469 96.15 4990 1.458 6.38
Carbon dioxide CO, 44.01 31.06 7384 0.0 2911

*T,, P., L are obtained from the REFPROP database [McLinden et al.,

creased solubility. Thus, one can adjust the dissolving power of the
solvent for PMMA by utilizing a mixture of CO, and HCFC-22 as
an SCF solvent. This work 18 focused on detenmining the feasibil-
ity of dissolving PMMA in CO,+HCFC-22 solvent mixtures. We
present the phase behavior data for the PMMA polymer in super-
critical mixtures of CQ, 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 CO), composition
in the solvent mixture and polymer molecular weight. The phase
behavior data produced in this work would be useful for establish-
mg operating, conditions mn 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, WL, USA) and used without firther purification They have
the weight average molecular weights (M, ) of 15,000 and 120,000
g/mol, respectively, provided by the suppler CO, and HCFC-22
were obtained from Myung-Sin General Gas Co. ( Yangsan, Kyung-
nam, Korea) and Solvay Fluorides Tnc. (Greenwich, CT, TJSA ), re-
spectively, and their certified punties were 99.99 wt%o. They were
used as received without further purification.
2. Apparatus

Fig. 1 shows a schematic diagram of the experimental apparatus
for measuring the cloud point behavior of a polymer in a high-pres-

O, or HCFC-22

1998], and ¢ from the CRC handboolk [Lide, 1995].

sure solvent. The experimental apparatus is similar to that used by
Tee etal. [2000]. The heart of the system is the high-pressure var-
1able-volume view cell. The cell has dimensions of 16 mm 1.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
change mn the cell volume causes a change of the system pressure.
A sapphire window (3/4" diameter by 3/4" thick) is inserted nto
the view cell for visual observation of the interior of the cell. A main
feature of usmg the variable-volume cell apparatus 1s that the con-
centration of the system is kept constant during the experiment. Cn
the other side. using a constant-volume cell apparatus often requires
venting off solution to decrease the pressure of the system, causing
unknown changes in the concentration of the cell contents.

The system pressure is measured with a lngh-precision pressure
gauge (Dresser Heise model CC-12-G-A-02B, 1,000 bar max. pres-
sure, 1.0 bar accuracy ) installed on the pressurizing fhud (water)
side between the pressure generator and the cell Connecting the
pressure gauge directly to the solvent side of the cell can cause an
uncertamty in the exact concentration of the solution due 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 0.5 bar across the pistor, and thus in each ex-
periment the cloud point pressure was increased by 0.5 bar to ac-
count for the pressure drop. The system temperature is measured
to within £0.1 °C by an RTD (Pt-10082) probe inserted into the cell.
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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1ts temperature 1s controlled by an oil circulator (Jeio-Tech model
HTC-30D .

A visual observation of the cell mside through the sapphure win-
dow 1s mads by a borescope (Olympus model ROBO-0:44-000-50)
and a CCD camera (WAT-202B) connected to a TV/VCR monitor
and a computer. A cold light source (Olympus model ILK-5) 13 used
to provide illumination inside the view cell. A magnetic stirring sys-
tem 18 equipped under the cell body to agitate the polymer solu-
tion. A stirrmg bar m the cell 1s rotated by a samarnun-cobalt mag-
net located below the cell, and the magnet is driven by an electric
motor and an RPM controller.

3. Method

The experiment for measuring the cloud pout of PMMA m a
muxture of HCFC-22 and CO, wes performed by the followmg pro-
cecdure. To remove any entrapped air present in the cell, the cell was
purged with enough amount of CO, gas. A certamn amount of the
PMMA polymer was loaded mto the cell, and then the sturing bar
was placed ingide the cell. The amount of the polymer loaded into
the cell was determmed by using a sensitive balance (AND model
HM-300) measurable to £0.1 mg. After a piston and o-rings into
the view cell were essembled, the cell was placed mside the oil bath
The solvent was charged mto the cell using a ligh-pressure sample
cylinder. Tn case of charging both HCFC-22 and C'O,, HCFC-22
was first charged because its vapor pressure was lower than that of
. The composition of each component m the solvent mixture
was determined by weighing HCFC-22 and CO, sample cylinders
before end after charging them mto the cell usmg a balance (Pre-
cisa model 1212 M SCS) with an accuracy of +£1 mg.

The solution m the cell was compressed by moving the piston
located within the cell usmg the pressure generator. As the pressure
generator pressurizes water, the compressed water displaces the pis-
ton to the window side to decrease the cell volume and thus raise
the pressure n the cell. As the pressure ncreases, the solution in
the cell finally becomes a smgle homogeneous phase. At the same
time the solution was well agitated by a sturing bar.

The system was heated to a desired temperature. Once the sys-
tem reached thermal equilibrium and the solution was mamtamed
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 generator. Enough time was allowed to en-
sure thermal ecuilibrium during the pressure reduction. The pres-
sure was reduced at a rate of about 0.5 bar/mm when the cloud pomt
pressure was approached. At a fixed polymer concentration. sol-
vent composition, and temperature, the cloud point indicating the
single to hiquud-hquid phase transiion was defmed as the pressure
at whach 1t was no longer possible to visually observe the sturing
bar [Meilchen et al., 1991; Lee et al., 2000]. For obtammmg consis-
tent measwements, every measurement was repeated at least twice
at each temperature.

The temperature of the system was raised m about 10°C mcre-
ments, and the above procedure was repeated, thus creating a pres-
sure-temperatire (P-T) cloud point curve at fixed polymer and sol-
vent concentrations. In this work the PMMA concentration was kept
constant arbitrarily arcund 5wt in order to exclude the effect of
the polymer concentration on the phase behavior. The maximum
temperature was set to about 100 °C to avoid thermal degradation
of o-rings and polymers.
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RESULTS AND DISCUSSION

The phase behavior of PMMA m a mixed solvent of CO, and
HCFC-22 was mvestigated as a function of temperature, polymer

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

CQO, composition

L PMMA concentration Temperature Pressure
in mixed

solvent™ (wi%) in solution** (wt%) ") {bar)
0.00 4.98 59.2 245Kk
64.5 296
69.7 45.5
30.0 77.9
902 108.5
99 8 138.7
12.48 5.03 29.7 T1.5%xx
374 2.8k
50.1 375
59.6 74.5
69.5 111.5
798 146.2
89.7 180.6
99.6 213.0
18.09 5.00 40.4 325
49.5 63.7
59.8 104.7
69.7 1432
79.5 178.5
89.8 216.0
100.0 2509
30.74 491 9.6 337k
39.6 96.5
49.4 1455
59.8 1927
69.5 231.4
79.7 2755
89.7 314.4
99.8 351.5
37.67 4.99 276 35 5%k
40.1 1527
50.0 2045
60.0 2535
69.9 2943
79.9 338.0
89.9 379.5
99.9 417.0
44.98 4.99 302 40.6%**
39.9 2255
49.6 2783
59.5 331.1
70.1 378.5
79.4 420.5
89.5 459.5
99.4 499.5
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CO; iti i
2 COMPOSIUON by INIA concentration Temperature Pressure

CQ; composition

PMMA concentration Temperature Pressure

sohlfrérig‘n;\;“;t‘?--o) in solution™* (wit%) (°Cy (bar) sol\lfréril?’l“);i(rlt‘?-b) in solution™* (wt%o) ' {bar)
52.22 4.98 373 50,9%x* 17.00 4.96 40.0 77.5
399 319.0 49.8 123.7
50.6 377.4 59.7 171.1
60.1 4325 69.5 2159
69.6 476.8 79.7 260.5
79.2 520.5 38.8 2675
39.7 567.5 100.0 344.0
99.5 604.5 2144 5.02 395 111.5
62.97 5.09 399 550.5 50.8 168.4
49.6 602.6 60.1 215.5
59.5 654.9 69.6 260.7
69.7 697.7 79.5 306.1
79.5 742.3 89.7 3524
898 779.3 99.4 392.6
100.0 316.2 29.50 402 41.1 195.5
*On a polymer-free basis. 49.5 2425
**Weight percent of total in solution. 59.1 295.1
***Liquid to liquid-vapor transition pressure. 69.3 349.0
793 3975
39.2 445.5
molecular weight, and solvent composition n mixed solvents. The 99.5 4913
experimental ¢loud peint data are given in Tables 2 and 3. Tn this 39.17 491 404 3127
work, the polymer concentration n the solution was fixed at about 49.3 366.6
5wit%o, to eliminate the effect of the polymer concentration on the 59.1 426.5
cloud points. For most of polymer-SCF systems, it is known that 70.7 492.0
the polymer concentration of about 5wt 1s the concentration to 7.2 3405
give the maximum pressure in the pressure-polymer concentration 89.5 591.0
isotherm [McHugh and Krukonis, 1994]. Haschets and Shine [1993] 1001 640.7
also reported that the maximum pressure was observed at the pol- 47.26 523 39.6 455.5
497 5355
Table 3. Experimental data of cloud points of PMMA (M,= 60.0 3216
120,000) in solvent mixtures of CO, and HCFC-22 9.5 649.5
— 79.8 708.7
COz.com.posmon PMMA concentration Temperature Pressure 89.2 756.1
in mixed ‘ in solution™* (wt%o) °C) {bar) 1002 810.0
solvent™ (wi?o) 5359 188 N5 6577
0.00 4.99 39.6 16.6%%* 503 719.7
50.3 216 59.4 779.3
52.6 247 69.6 840.5
59.7 49.5 80.1 897.0
69.1 §5'1 *On a polymer-free basis.
80.1 1255 **Weight percent of total in solution.
89.4 1592 ***Liquid to liquid-vapor transition pressure.
100.0 195.7
9.97 5.10 36.5 24 5wk
40.1 320 ymer concantration between 3 and 8 wt%o for the PMMA/HCFC-
49.4 717 22 system.
59.5 116.0 Fig. 2 shows the P-T sopleths of the cloud pomts of PMMA m
68.7 1545 pure HCFC-22 solvent for the PMMASs with molecular weights of
80.7 204.5 15,000 and 120,000, The saturaton curve of HCFC-22, whuch s
1333 3?22 obtained from Daubert and Danner [1994), is also shown along with

the cloud pomt data. Above each cloud poirt 15 the single-phase
Korean J. Chem. Eng.(Vol. 19, No. 1)
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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 region.
The cloud point pressure increased as the temperature mcereased,
mdicating that the system extubited a typical lower aritical solution
temperature (LCST) behavior. In other words, as the temperature
mereased, a higher pressure was needed to obtamn a smgle-phase
solution from a two-phase solution. The cloud point pressure was as
low as about 200 bar even at 100 °C for the PMMA of M, =1 20,000,
mdicating that HCFC-22 was an excellent solvernt to dissolve the
PMMA. HCFC-22 can form hydrogen bonding with the base mol-
ecules, and thus the enhanced solvent power of HCFC-22 15 attrib-
uted to the hydrogen bonding of the hydrogen atom m HCFC-22
with the acrylate group m the backbone of PMMA. The effect of the
hydrogen bonding 18 evident with the HCFC-22 cloud pomt curves,
which are situated at very low pressures.

As the PMMA molecular weight mereased, the cloud poit pres-
sure mncreased. Increasing the polymer molecular weight reduced
the single-phase region. This indicates that PMMA becomes less
soluble in HCFC-22 as its molecular weight mcreases, which s con-
sistent with the results of other polymer-SCTF systems. The cloud
poit curves itersected the HCFC-22 saturation curve at the lower
critical end pomts (LCEPs), at which the fluid to hquid-hquid phase
transition ended. The liquid to liuid-vapor phase transitions occurred
on the HCFC-22 saturation curve at temperatures below the LCEP.
As shown in Fig. 2, the hiquid to iquid-vapor transition pomts meas-
wred expenmentally agreed well with the HCFC-22 satiration aurve.
The LCEP was observed around 63 °C for the PMMA of M, =
15,000, and around 51 °C for the PMMA of M,,=120,000.

Fig. 3 shows the P-T sopleths of the cloud pomts of PMMA (M, =
15.000) m the mixed solvents of CO, and HCFC-22 for various CO,
compositions up to about 63 wt%s (on a polymer-free basis). The
PMMA concentration in the solution was leept constant at (5.00+
0.03) wt%o of total. For all the C'C, compositions, the cloud point
curves exhibited the characteristics of an LC'ST curve and had sim-
lar slopes. CO, 15 not a good solvent to dissolve the PMMA pol-
ymer. In our preliminary worlk PMMA (M, =15,000) was observed
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Fig. 3. P-T isopleths of cloud points of PMMA (M, =15,000) in a
CO,+HCFC-22 mixed solvent. Compositions of CO, in the
mixed solvent on a polymer-free basis: (()) 0.0 wt%: (@)
1248 wit%o; (| 1) 18.09 wio;, (M) 30.74 wito; (~.0) 37.67
wi%o; (9) 44,98 wi%o; (/) 52.22 wi%o; (A ) 62.97 wi%.

to be not completely soluble in pure C'Q, at pressures as high as
1.000 bar emd at temperatures up to 100 °C. On the other hand, the
PMMA was readily soluble in HCFC'-22 of saturated liquid state,
as shown m Fig. 2 or 3. However, the cloud pomt pressure at a fixed
temperature increased sigmficantly with inereasing C'O, content n
the solvent mixture. As the CiO, composition in the solvent increased,
the cloud pomt curve was shufted to hugher pressures so that the sim-
gle-phase region of polymer-solvent miscibility shrunk. Addition
of CO, to HCFC-22 caused a lowenng of the dissolving power of
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Fig. 4. Effect of CO, composition in a mixed solvent on the cloud
point pressures of PMMA (M, =15,000) at various temper-
atures.
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the mixed solvent. This can be attributed to the decrease of the sol-
vent polanty by the mncrease of CO), compesition in the mixed sol-
vernt.

The P-T isopleths of the cloud points given in Fig. 3 were fur-
ther charactenized by drawmng the cloud pomt pressures as a func-
tion of solvent composition. Fig. 4 shows the effect of CO, compo-
sition m the mixed solvent on the cloud pomnt pressures at several
temperatures for the PMMA (M,,=135,000). Tt was obtained by fit-
ting the cloud point curves of Fig. 3 at different C'O, compositions
with polynomial equations and then by determmung the pressures
corresponding to desired temperatures from the curve fits. The cor-
relation coefficients of the curve 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 CO; composition
m the mixed solvent.

Fig. 5 illustrates the P-T isopleths of the cloud points of PMMA
(M, =120,000) in the mixed solvents of CO, and HCFC-22 for var-
1ous CO; compositions. The PMMA concentration 1 the solution
was kept constant at (5.002£0.09) wi%o of total. Fig. 6 gives the ef-
fect of CO, composition mn the mixed solvent on the cloud pomt
pressures at several temperatures for the PMMA (M, =120,000),
Figs. 5 and € gave higher cloud point pressures than those in Figs.
3 and 4 because the PMMA of bigger molecular weight was used.
As the CO, composition in the mixed solvent increased, the cloud
point pressures increased sharply.

CONCLUSIONS

The phase behavior data were measured for the PMMA poly-
mer in supercritical solvent mixtures of C'O;, and HCFC-22 by using
a gh-pressure equilibrium apperatus equipped with a vanable-
volume view cell. The cloud point pressures were determined as a
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Fig. 5. P-T isopleths of cloud points of PMMA (M, =120,000) in a
CQO,+HCFC-22 mixed solvent. Compositions of CQ, in the
mixed solvent on a polymer-free basis: (()) 0.00 wt%o; (@)
9.97 wit%e; (| 1) 17.00wt%%o; (M) 2144 wte; (- 29.50
Wi (9)39.17 wio; (/) 47.26 wi%o; (&) 53.59 wi%.
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Fig. 6. Effect of CO, composition in a mixed solvent on the cloud
point pressures of PMMA (M, =120,000) at various tem-
peratures.

function of solvent composition at various C'O), compositions up to
about 63 wt% (on a polymer-free basis) and at temperatures up to
about 100°C, and as a fimction of polymer molecular weight for
the PMMAs with the molecular weights of 15,000 and 120,000
The cloud pomt curves extubited the characteristics of en LCST-
type phase behavior. As the C'O, content in the solvent mixture in-
creased, the cloud point pressure at a fixed temperature increased
sigruficantly. 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 increas-
ing the PMMA molecular weight.
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