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Abstract−High pressures phase equilibrium data were presented for the CO2+2-MEA system at temperatures rang-
ing from (313.2 to 393.2) K and pressures up to ca. 17.97 MPa. The CO2+2-MEA system exhibited type-I phase behav-
ior and was modeled using the Peng-Robinson equation of state. The phase behavior data were reported for poly(2-
methoxyethyl acrylate) [P(2-MEA)] in supercritical CO2 and dimethyl ether (DME), as well as for the P(2-MEA)+2-
methoxyethyl acrylate (2-MEA) (or DME) in CO2. The cloud-point data were measured for the P(2-MEA)+DME in
supercritical CO2 at temperature range of (333-453) K and a pressure range of (8.79-199.14) MPa. The P(2-MEA) in
supercritical CO2 was soluble to 453 K and pressure of 199 MPa. The phase behavior for the P(2-MEA)+CO2+2-MEA
mixture was measured in changes of the pressure-temperature (p, T) slope and with 2-MEA mass fraction of 0.0 wt%,
8.4 wt%, 17.1 wt%, 45.4 wt% and 65.0 wt%. With 74.5 wt% 2-MEA to the P(2-MEA)+CO2 solution, the cloud-point
curves took on the appearance of a typical lower critical solution temperature boundary, liquid+liquid transition and
liquid+vapor transition. The location of the P(2-MEA)+CO2 cloud-point curve shifted to lower temperatures and pres-
sures upon the addition of 2-MEA or DME.

Keywords: Poly(2-Methoxyethyl Acrylate), 2-Methoxyethyl Acrylate, High Pressure Phase Behavior, Cloud-point Pres-
sures, Supercritical CO2, Dimethyl Ether

INTRODUCTION

Information on phase behavior for the binary and ternary mix-
tures of acrylate monomers and polymers in supercritical fluid sol-
vents is of importance in chemical separation processes, polym-
erization processes and related industrial processes. Supercritical
fluid technology has been widely applied to the processing of vari-
ous chemicals, pharmaceuticals, biological materials, and polymers
[1-7].

The 2-methoxyethyl acrylate polymer and monomer has a poten-
tial of being used in biomedical applications and human patients
as a coating for artificial organs [8] due to its outstanding biocom-
patibility [9-12]. A major effort in this field of biomaterials tech-
nology has been directed towards developing biomaterials having
improved blood compatibility. Tanaka and Mochizuki [12,13] re-
ported excellent blood compatibility with respect to coagulation,
complement, leukocyte, and platelet systems. Generally, blood com-
patibility depends on various properties of the material surface such
as the surface charge wettability, topography, and the presence of
chemical groups on the surface [14].

Therefore, high-pressure phase equilibria data for mixtures con-
taining carbon dioxide and hydrocarbons plays a major role in many
industrial and scientific fields. In fact, large amounts of informa-
tion relevant to the data exist in the literature. Most of the reported

studies related to binary systems of CO2+ alkane [15], +alkene [16],
+nitrile [17], +acetate [18], +acrylate [19] and +methacrylate [20]
mixtures have been at high pressures and temperatures. Several
articles and reviews (1978-2008) have been published for the phase
behavior data [21-25]. The previous work for the CO2+acrylate
monomers and polymer+supercritical solvent+cosolvent mixture
have revealed that phase behavior for binary and ternary systems
consist of polymers, supercritical solvents and cosolvent at high-
pressure and high-temperature [26-28]. McHugh et al. [26] reported
the cloud-point data for ternary mixture of poly(butyl acrylate)+
CO2+butyl acrylate and poly(ethylhexyl acrylate)+CO2+ethylhexyl
acrylate system at temperature up to 493 K and pressure up to 200
MPa. Also, the bubble-point curves for the CO2+butyl acrylate
system are presented by static method with variable-volume view
cell at temperature of 308.2 K and 348.2 K. Rindfleisch [27] stud-
ied the solubility of poly(methyl acrylate), poly(ethyl acrylate) and
poly(octadecyl acrylate) in supercritical CO2 at pressures and tem-
peratures up to 300 MPa and 543 K, respectively. Experimental
cloud-point data up to 478 K and 248.0 MPa for the binary and
ternary mixtures of poly(2-butoxyethyl acrylate)+supercritical sol-
vents+2-butoxyethyl acrylate or dimethyl ether and CO2+2-butoxy-
ethyl acrylate systems were reported by Jang and Byun [28].

The goal of this work was to determine the impact of 2-meth-
oxyethyl acrylate (2-MEA) cosolvent on the phase behavior of poly
(2-methoxyethyl acrylate)[P(2-MEA)]+supercritical CO2. Cloud-
point data are obtained regarding the effect of DME cosolvent on
the P(2-MEA)+supercritical CO2 binary system. Also, the experi-
mental data for the CO2+2-MEA mixture was reported at elevated
pressures and temperatures. The phase behavior curves for the CO2+
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2-MEA system obtained in this work are correlated with Peng-Rob-
inson equation of state using two adjustable parameters (kij, ηij).
The critical pressure, critical temperature and acentric factor of 2-
MEA are estimated by the Joback-Lydersen method with group
contributions [29].

EXPERIMENTAL SECTION

1. Materials
Poly(2-methoxyethyl acrylate) [P(2-MEA)] [Tg=223K, Mw=100,000

(GPC)] and 2-methoxyethyl acrylate (2-MEA) (>0.980 mass frac-
tion purity) used in this work were obtained from Scientific Poly-
mer Products, Inc. and used as received. The chemical structure of
2-methoxyethyl acrylate and poly(2-methoxyethyl acrylate) is shown
in Fig. 1. The P(2-MEA) was in a toluene solution, the polymer
solution was placed under vacuum pump (ULVAC KIKO Inc., model

Fig. 1. Chemical structure of (a) 2-methoxyethyl acrylate and (b)
poly(2-methoxyethyl acrylate).

Table 1. Specifications of the chemical used
Chemical name Mass fraction purity Source CAS RN
CO2 >0.999 Daesung Industrial Gases Co. 124-38-9
Dimethyl ether >0.995 LG Gas (E1) 115-10-6
2-Methoxyethyl acrylate >0.980 Scientific Polymer Products, Inc. 3121-61-7
Poly(2-methoxyethyl acrylate) Scientific Polymer Products, Inc.

Mw=100,000 
28628-64-0

Fig. 2. Schematic diagram of phase behavior measurement apparatus at high-pressure.

GVD-050A, Japan) for at least 10hrs in the Rotavapor R-205 (Büchi,
including bath B-490) for toluene removal. CO2 (>0.999 mass frac-
tion purity) was obtained from Daesung Industrial Co., and dimethyl
ether (>0.995 mass fraction purity) was obtained from LG Gas (E1).
The specifications of all chemicals used in this work are listed in
Table 1.
2. Apparatus and Procedure

Fig. 2 shows the schematic diagram of a typical variable-volume
view cell apparatus used for phase behavior measurement of ter-
nary and binary mixture for the polymer+SCF solvents+cosolvents
and SCF solvent+cosolvent systems, which has already been de-
scribed [30,31]. Cloud-points are measured for the polymer solu-
tions at a fixed P(2-MEA) concentration of 5.0±0.5 wt%, which is
typical concentrations used for the polymer+SCF slovents or poly-
mer+SCF solvent+cosolvent mixture. Polymer was loaded into the
cell to within ±0.002 g, and then the cell was purged with nitro-
gen several times, and then with SCF solvent to ensure that all of
the air and organic matter had been removed. Liquid 2-MEA was
injected into the cell to within ±0.0008 g using a syringe, and SCF
solvent and cosolvent were transferred into the cell gravimetrically
to within ±0.004 g using a high-pressure bomb. The mixture was
compressed to the desired pressure using an internal piston with
water by operating a high pressure generator (HIP Inc., model 37-5.
75.60), and the pressure of the mixture was measured with a Heise
gauge [Dresser Ind., model CM-108952, (0-345.0) MPa, accurate
to within ±0.35MPa; CO2+monomer: model CM-53920, (0 to 34.0)
MPa, accurate to within ±0.034 MPa]. The system temperature
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was typically maintained to within ±0.2 K below 473.0 K. The inside
of the cell was viewed on a video monitor with a camera coupled
to a borescope (Olympus Corp., model F100-038-000-50) placed
against the outside of the sapphire window.

Phase behavior of binary and ternary system for polymer+solvent
+cosolvent mixtures was measured at a fixed polymer concentra-
tion. The binary and ternary mixtures in the cell were heated to
the desired temperature and pressurized until a single phase was
achieved, and they were maintained in the one-phase region at fixed
temperature for 30-40 min at least to reach thermal equilibrium
conditions. At the one-phase condition, pressure was slowly de-
creased until the solution became cloudy. The cloud-point pres-
sure and temperature are defined as a point at which the mixture
becomes so opaque that it is no longer possible to see the stir bar
inside the cell. After a cloud-point was obtained, the solution was
recompressed to a single phase, and the process was repeated. Cloud-
points were measured and reproduced at least twice. Phase behav-
ior for the P(2-MEA)+SCF solvents+cosolvent mixtures was ob-
tained, and the combined standard uncertainties of pressure and
temperature were estimated to be ±0.38 MPa and ±0.16 K for a
given loading of the cell [32,33]. The pressure-composition (p, x)
isotherms data for the 2-MEA in supercritical CO2 was measured,
and the experimental data was reproduced at least twice to within
±0.02 MPa and ±0.2 K for a given loading of the cell. The com-
bined standard uncertainties of pressure and temperature were esti-
mated ±0.02 MPa and ±0.12 K [32,33]. The combined standard
uncertainty of 2-MEA mole fractions is estimated to be ±0.0008
[32]. The P(2-MEA)+supercritical solvents+cosolvent and CO2+
2-MEA systems have not been previously published in the literature.

EXPERIMENTAL RESULTS AND DISCUSSION

1. Phase behavior for the CO2+2-MEA System
Fig. 3 and Table 2 show the experimental pressure-composition

(p, x) isotherms at temperatures of (313.2, 333.2, 353.2, 373.2 and
393.2) K, and pressures from (5.48 to 17.97) MPa for the (CO2+2-
MEA) system. Three phases were not observed at five tempera-

tures. As shown in Fig. 3, the mixture critical pressures are 14.31
MPa at temperature of 353.2 K and 17.97 MPa at temperature of
393.2K. The (p, x) isotherms and pressure-temperature (p, T) shown
in Fig. 3 and Fig. 7 are consistent with those expected from a type-
I system [34,35], where a maximum occurs in the mixture-critical
curve. The apparent traits of type-I behavior are that only a single
phase exists throughout the phase diagram and that the mixture
critical curve runs continuously from the critical point of the CO2

component to the critical point of the 2-MEA component [35]. The

Fig. 3. A comparison of the experimental data (symbols) for the car-
bon dioxide+2-methoxyethyl acrylate system with calcula-
tions (solid lines) obtained using the Peng-Robinson equa-
tion of state with kij equal to 0.029 and ηij equal to −0.044.

Table 2. Experimental data for the CO2+2-methoxyethyl acrylate
system. BP is a bubble point, CP is a critical point and DP
is a dew point

2-Methoxyethyl acrylate mole fraction pa/MPa Transitionb

Ta/K=313.2
0.054 08.83 BP
0.081 08.38 BP
0.109 08.14 BP
0.159 07.69 BP
0.232 07.38 BP
0.312 07.03 BP
0.384 06.31 BP
0.453 05.90 BP
0.505 05.52 BP
0.564 05.12 BP
0.576 04.97 BP
0.670 04.48 BP

T/K=333.2
0.054 11.41 BP
0.081 11.62 BP
0.109 11.07 BP
0.159 10.62 BP
0.232 09.69 BP
0.312 09.03 BP
0.384 07.79 BP
0.453 07.03 BP
0.505 06.44 BP
0.564 05.90 BP
0.576 05.79 BP
0.670 04.97 BP

T/K=353.2
0.054 13.97 DP
0.081 14.31 CP
0.109 14.24 BP
0.159 13.55 BP
0.232 12.38 BP
0.312 11.07 BP
0.384 09.59 BP
0.453 08.59 BP
0.505 07.52 BP
0.564 06.83 BP
0.576 06.66 BP
0.670 05.66 BP
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solubility of CO2 decreases as temperatures shift higher under a con-
stant pressure.

In this work, the experimental data is modeled with the Peng-
Robinson equation of state. The Peng-Robinson equations are briefly
described here. The Peng-Robinson equation of state [36] was used
with the following mixing rules:

(1)

(2)

(3)

(4)

where kij and ηij were binary interaction parameters determined
by fitting P−x isotherms curves, and aii and bii were pure compo-
nent parameters as defined by Peng and Robinson [36]. The ob-
jection function (OBF) and root mean squared relative deviation
(RMSD) percent of this calculation were defined by

(5)

(6)

Table 3 lists the pure component critical temperatures (Tc), critical

pressures (pc) as well as the acentric factors (ω) for CO2, [29] and
2-MEA [29], all of which were used with the Peng-Robinson equa-
tion of state. The boiling point for the property calculation was ob-
tained from the literature [37]. The properties of 2-MEA were cal-
culated by the Joback-Lyderson group-contribution method [29].
Furthermore, the vapor pressure was calculated by the Lee-Kesler
method [29].

Fig. 4 shows the comparison between the experimental results
of the CO2+2-MEA system and calculates values obtained using
the Peng-Robinson equation at 353.2 K. The binary interaction
parameters of the Peng-Robinson equation of state were fitted with
the experimental data at 353.2 K. The optimized parameter value
of the Peng-Robinson equation of state for the (CO2+2-MEA) sys-
tem was kij=0.029 and ηij=−0.044 (experimental data no.: 12; RMSD:
2.3%).

Fig. 3 compares the experimental results with the calculated (P−x)
isotherms at temperatures of (313.2, 333.2, 353.2, 373.2 and 393.2)
K for the (CO2+2-MEA) system using the optimized kij and ηij val-
ues determined at 353.2 K. As shown in Fig. 3, obtained were well-
fitted data with the Peng-Robinson equation using adjustable mix-
ture parameters for the (CO2+2-MEA) system. RMSD for the CO2+
2-MEA system at a five temperatures using two parameters deter-
mined at 353.2K were 7.1% (experimental data no.: 58). The curves
calculated by the Peng-Robinson equation of state did not demon-
strate three phases at a five temperatures. Since RMSD for the CO2+
2-MEA system was high when the parameters were applied to this
system, we needed to obtain optimized parameters for each tem-
perature to lose RMSD.

Fig. 5 plot the pressures against mole fraction in order to com-
pare the experimental data (symbols) of the CO2+2-MEA system

amix = xixjaij
j
∑

i
∑

aij = aiiajj( )1/2 1− kij( )

bmix = xixjbij
j
∑

i
∑

bij = 0.5 bii + bjj( ) 1− ηij( )

OBF = 

Pexp − Pcal

Pexp
---------------------

⎝ ⎠
⎛ ⎞

2

i

N
∑

RMSD %( ) = 
OBF
ND
----------- 100×

Table 2. Continued
2-Methoxyethyl acrylate mole fraction pa/MPa Transitionb

T/K=373.2
0.054 15.76 DP
0.081 16.35 DP
0.109 16.45 BP
0.159 16.17 BP
0.232 15.21 BP
0.312 13.24 BP
0.384 11.48 BP
0.505 08.62 BP
0.564 07.86 BP
0.576 07.62 BP
0.670 06.17 BP

T/K=393.2
0.054 16.48 DP
0.081 17.83 DP
0.109 17.97 CP
0.159 17.79 BP
0.232 17.00 BP
0.312 15.24 BP
0.384 13.21 BP
0.505 10.14 BP
0.564 08.83 BP
0.576 08.59 BP
0.670 06.86 BP

aStandard uncertainties are u(T)=T±0.12 K and u(p)=p±0.02 MPa
bBP: bubble-point, CP: critical-point, DP: dew-point

Table 3. Pure component critical properties with the Peng-Robin-
son equation state

Components Mw Tb/K Tc/K pc/MPa ω

Carbon dioxide 044.01 304.2 7.37 0.225
2-Methoxyethyl acrylate 130.15 435.2a 621.7 3.21 0.508

aChemSpider Co. (or Alfa Aesar)

Fig. 4. Comparison of the best fit of Peng-Robinson equation of state
to CO2+2-methoxyethyl acrylate system obtained in this work
(●) at 353.2 K.
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with calculations (solid lines) obtained with the Peng-Robinson
equation of state using optimum parameters (kij and ηij) at each
temperature. As shown in Fig. 5, these curves were calculated using
optimized values determined at each temperature. RMSD at five
temperatures (313.2, 333.2, 353.2, 373.2 and 393.2 K) for the CO2+
2-MEA system was 4.6% (kij=0.045, ηij=−0.070), 2.7% (kij=0.040,
ηij=−0.050), 2.3% (kij=0.029, ηij=−0.044), 2.6% (kij=0.023, ηij=−0.035)
and 2.3% (kij=0.021, ηij=−0.028), respectively. Here, experimental

Table 4. Data of kij and ηij parameters and the value of RMSD against temperature for the CO2+2-methoxyethyl acrylate system with the
Peng-Robinson equation of state

System 313.2 K 333.2 K 353.2 K 373.2 K 393.2 K

CO2+2-methoxyethyl
acrylate

kij −0.045 −0.040 −0.029 −0.023 −0.021
ηij −0.070 −0.050 −0.044 −0.035 −0.028

RMSD 4.6% 2.7% 2.3% 2.6% 2.3%

Table 5. Critical temperatures, critical pressures, critical densities, polarizabilities, dipole moments, and quadrupole moments of solvents
used in this study [29,38]

Solvents Tc/K pc/MPa ρc/kg m−3
ω α •1030/m3

μ •1030/C·m Q•1040/C·m2

CO2 304.2 7.38 469 0.225 2.65 0.00 −14.34
Dimethyl ether 400.0 5.30 258 0.192 5.22 4.34 −14.00

Fig. 5. Curve of the best fit for the CO2+2-methoxyethyl acrylate
system obtained at each temperature.

Fig. 6. Tendency curve of kij and ηij parameter according to tem-
perature for the CO2+2-methoxyethyl acrylate system.

Fig. 7. Pressure-temperature diagram for the carbon dioxide+2-meth-
oxyethyl acrylate system. The solid line and the solid circles
represent the vapor-liquid line and the critical point for pure
carbon dioxide and 2-methoxyethyl acrylate. The open squares
are critical points determine from isotherms measured in
this study. The dashed line represents calculated values ob-
tained using the Peng-Robinson equation of state with kij equal
to 0.029 and ηij equal to −0.044.

data numbers are 12 and 11 at temperature of 313.2, 333.2 and 353.2
K and at temperatures of 373.2 K and 393.2 K, respectively. The
comparison between the experimental data and calculated curve
shows a good agreement at a five temperatures. According to cal-
culated results, the critical mixture curve was type-I.

Fig. 6 and Table 4 plot kij and ηij parameters obtained from the
Peng-Robinson equation of state against temperature for the CO2+
2-MEA system at each temperature. The equation of parameter
for the fitted line was good for the kij and ηij at temperature ranges
from (313.2 K to 393.2 K) in the case of CO2+2-MEA system.

Fig. 7 compares the mixture-critical curves of the experimental
data with the calculated values by the PR-EOS for the CO2+2-MEA
system using two interaction parameters (kij and ηij) determined at
353.2 K. The calculated mixture-critical curve is the type-I region.
The solid line represents the vapor pressure of pure 2-MEA obtained
by the Lee-Kesler method [29]. The solid circles signify the criti-
cal point for pure CO2 and 2-MEA. The dash lines represent the
calculated values obtained from the PR-EOS, with kij=0.029 and
ηij=−0.044 for the CO2+2-MEA system. The open squares are the
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mixture-critical points determined from isotherms measured in
this experiment.
2. Phase behavior for the P(2-MEA)+CO2+2-MEA (or DME)
Mixture

Table 5 lists the critical temperature (Tc), critical pressure (pc),
critical density (ρc) acentric factor (ω), polarizability (α), dipole
moment (μ), and quadrupole moment (Q) of CO2 and DME used
in this study [29,38]. CO2 has a critical temperature near room tem-
perature, a modest critical pressure, and a higher density than most
supercritical fluids, which means that at temperatures slightly above
room temperature it is possible to obtain liquid-like densities and,
by implication, liquid-like solvent characteristics. DME has a sig-
nificant dipole moment that allows the effect of dipole interactions
to be compared with that of quadrupole interactions found with
CO2.

Tsang and Streett [39] previously reported a thorough experi-
mental data set for the binary CO2+DME system which has a crit-
ical-mixture curve with a highest pressure of about 8MPa. The DME
+CO2 data complement the P(2-MEA)+CO2+DME data obtained
in the current study. Fig. 8 and Table 6 show the phase behavior in
the P(2-MEA)+CO2+DME mixture. A single-phase region in the
P(2-MEA)+CO2 mixture was obtained at temperatures in the range
of (333.3 to 453.4) K and at high pressures such as 199.14 MPa (at
333.3 K), while the one in the P(2-MEA)+DME mixture was ob-
tained at temperatures in the range of (333.7 to 453.2) K and at
relatively low pressures, but higher than 33 MPa (at 453.2 K). The
pressure difference between two systems was due to the presence
of a dipole moment in DME [4.34×10−30 C·m] and CO2 [0.0×10−30

C·m], as shown in Table 5. The P(2-MEA)+CO2+(13.8 to 39.9)
wt% DME mixture show LCST behavior of positive slope at below
122 MPa and at temperature range from (333 to 453) K, while their
pressures decrease smoothly below about 453 K. As shown in Fig.
8, the location in which the curve demonstrates LCST behavior is
mainly controlled by entropic contributions, which are sensitive to
the changes in pressure. This type of phase behavior is probably
caused by the difference in free volume among P(2-MEA), CO2,
and DME [40,41].

Fig. 9 and Table 7 show the cloud-point behavior of the P(2-MEA)

+CO2+2-MEA system obtained in this work. P(2-MEA) does dis-
solve in pure CO2 at 454 K and about 224 MPa. The cloud-point
behavior for P(2-MEA) in supercritical CO2 shows an upper criti-
cal solution temperature (UCST) curve [41]. When 8.4 wt% 2-MEA
is added to the solution, the cloud-point curve exhibits UCST-type
phase behavior with negative slopes. P(2-MEA)+CO2+8.4 wt% 2-
MEA system does dissolve at below pressure of 137.2 MPa. The

Fig. 8. Effect of DME as a cosolvent for poly(2-methoxyethyl acry-
late) in supercritical CO2. The concentration of polymer is
~5.0 wt% for each solution.

Table 6. Experimental cloud-point data for the poly(2-methoxyethyl
acrylate) [P(2-MEA)]+CO2+x wt% dimethyl ether (DME)
system with different DME content

Ta/K pa/MPa
5.0 wt% P(2-MEA)+0.0 wt% 2-MEA

333.3 199.14
353.5 190.86
372.9 185.34
393.2 180.86
413.5 176.03
433.8 171.90
453.4 168.45

5.0 wt% P(2-MEA)+13.8 wt% DME
333.3 111.21
353.8 115.34
373.6 118.45
393.3 120.52
412.9 121.55
433.4 121.90
453.5 122.24

5.0 wt% P(2-MEA)+27.8 wt% DME
333.3 085.00
353.3 089.14
373.5 092.59
394.1 095.35
413.8 097.07
433.3 099.69
453.5 099.83

5.0 wt% P(2-MEA)+39.9 wt% DME
333.7 062.24
353.9 066.03
373.9 069.14
393.2 071.90
413.3 074.66
433.4 076.72
453.3 078.45

5.0 wt% P(2-MEA)+94.9 wt% DME
333.7 008.79
353.4 013.62
373.3 018.45
393.4 022.59
413.2 026.38
433.4 030.17
453.2 032.93

aStandard uncertainties are u(T)=T±0.16 K and u(p)=p±0.38 MPa
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phase behavior for the P(2-MEA)+CO2+(17.1 to 65.0 wt%) 2-MEA
system exhibits LCST behavior in which temperature and pressure
decreased smoothly from (453 to 333) K and at pressure below 116
MPa. The cloud-point curves for the P(2-MEA)+CO2+(17.1, 45.4
and 65.0 wt%) 2-MEA are a positive slope at about 0.14 MPa/K
(17.1 wt% 2-MEA), 0.21 MPa/K (45.4 wt% 2-MEA) and 0.25 MPa/
K (65.0 wt% 2-MEA), respectively.

Fig. 10 and Table 8 show the impact of 74.5 wt% 2-MEA mono-
mer on the phase behavior of the P(2-MEA)+CO2 solution. At 410

Fig. 9. Impact of 2-MEA on the phase behavior of the P(2-MEA)
+CO2+x wt% 2-MEA system. The concentration of polymer
is ca. 5 wt% for each solution.

Table 7. Continued
Ta/K pa/MPa
5.1 wt% P(2-MEA)+65.0 wt% 2-MEA

333.3 023.28
353.3 030.17
373.7 036.38
393.4 041.55
413.2 046.03
433.2 049.83
453.2 052.59

aStandard uncertainties are u(T)=T±0.16 K and u(p)=p±0.38 MPa

Table 7. Experimental cloud-point data for the poly(2-methoxyethyl
acrylate) [P(2-MEA)]+CO2+x wt% 2-methoxyethyl acry-
late (2-MEA) system with different 2-MEA content

Ta/K pa/MPa
5.0 wt% P(2-MEA)+8.4 wt% 2-MEA

333.7 129.14
353.6 132.59
373.6 135.00
393.6 136.72
413.2 137.07
433.8 137.41
453.6 137.41
4.9 wt% P(2-MEA)+17.1 wt% 2-MEA

333.6 099.48
353.8 105.69
373.5 109.83
394.1 112.24
413.5 114.66
433.6 116.03
453.2 116.03
4.8 wt% P(2-MEA)+45.4 wt% 2-MEA

333.2 066.38
353.8 074.31
373.5 080.17
393.9 084.66
413.2 088.10
433.4 090.86
453.3 091.90

Fig. 10. Impact of 74.5 wt% 2-MEA monomer (on a polymer-free
basis) in the phase behavior of the poly(2-methoxyethyl ac-
rylate)+CO2+2-methoxyethyl acrylate system. ○, fluid→
liquid+liquid transition; ■, fluid→liquid+vapor transi-
tion; ---------, suggested extension of the LLV line.

Table 8. Phase behavior of cloud-point and bubble-point for the poly
(2-methoxyethyl acrylate) [P(2-MEA)]+carbon dioxide+
74.5 wt% 2-methoxyethyl acrylate (2-MEA) system

Ta/K pa/MPa Transition
4.8 wt% P(2-MEA)+74.5 wt% 2-MEA

Cloud-point transition
353.3 18.10 CP
373.6 22.93 CP
393.4 27.41 CP
413.2 31.21 CP
433.6 35.00 CP
453.4 37.76 CP

Liquid+liquid+vapor transition
358.9 18.52 LLV

Bubble-point transition
313.2 10.17 BP
324.0 11.90 BP
333.7 13.61 BP

aStandard uncertainties are u(T)=T±0.16 K and u(p)=p±0.38 MPa
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K, the phase boundary has shifted the pressure lower as the con-
centration of 2-MEA increases. The P(2-MEA)+CO2+74.5 wt% 2-
MEA phase behavior curve intersects the fluid→liquid+vapor (LV)
curve at ca. 350 K and ca. 17 MPa. These results clearly demon-
strate that it is possible to obtain a single phase extending over a
large temperature range at modest pressures if sufficient amount
of free acrylate monomer is added to the solution.

Fig. 11 shows the comparison between curves on the phase behav-
ior for the P(2-MEA)+CO2 and poly(2-butoxyethyl acrylate) [P(2-
BEA)]+CO2 [28] systems. At 413 K, the phase behavior boundary
of two curves has a pressure difference of about 45 MPa due to the
difference in weight average molecular weight (Mw). This tendency
shows the similarity in phase behavior curves for the poly(methyl
acrylate) and poly(butyl acrylate) in CO2 reported by Rindfleisch
et al. [27].

CONCLUSIONS

The pressure-composition (p, x) isotherms for the CO2+2-MEA
binary mixture system were measured using a variable-volume
view cell apparatus at temperature ranges from (313.2 to 393.2) K
and pressure up to 17.97 MPa. This system exhibits type-I phase
behavior and does not exhibit three phases at any five tempera-
tures. The Peng-Robinson equation of state is able to predict the
phase behavior for the system using two binary mixture interac-
tion parameters (kij and ηij) obtained at 353.2K. RMSD for the CO2+
2-MEA system using two parameters determined at 353.2 K is 7.1%.
When applying the optimized parameters for each temperature,
RMSD for the system ranges from 2.3% to 4.6% for the CO2+2-
MEA system.

Cloud-point curve for the P(2-MEA) in supercritical CO2 shows
the UCST-type behavior at negative slope. The phase behavior of
the ternary system for the P(2-MEA)+2-MEA (or DME) mixture
in supercritical CO2 shows the LCST region at positive slope. Also,
when 74.5 wt% 2-MEA is added to the solution, LCST-type phase
behavior exhibits with a positive slopes of 0.23 MPa/K. The cloud-
point curve intersects the bubble point curve at 350 K and 17 MPa.
The bubble-point curve switches to a liquid+liquid+vapor curve

at temperatures higher than 353 K.

ACKNOWLEDGEMENTS

This research was supported by Basic Science Research Program
through the National Research Foundation of Korea (NRF) funded
by the Ministry of Education, Science and Technology (Grant No.
NRF-2012R1A2A2A01045769).

REFERENCES

1. P. G. Jessop, Y. Hsiao, T. Ikariya and R. Noyori, JACS, 118, 344
(1996).

2. E. J. Beckman, J. Supercrit, Fluids, 28, 121 (2004).
3. I. Kikic and F. Vecchione, Curr. Opin. Solid State Mater. Sci., 7, 399

(2003).
4. S. G. Kazarian. Supercritical fluid technology for drug product devel-

opment, chapter Supercritical Fluid Impregnation of Polymers for
Drug Delivery, Marcel-Dekker, 343 (2004).

5. E. Reverchon and S. Cardea, J. Membr. Sci., 240, 187 (2004).
6. Y.-T. Shieh and K.-H. Liu, J. Polym. Sci. Part B: Polym. Phys., 42,

2479 (2004).
7. J. Baldyga, M. Henczka and B. Y. Shekunov, Drugs Pharm. Sci., 138,

91 (2004).
8. X. M. Mueller, D. Jegger, M. Augstburger, J. Horisberger and L. K.

von Segesser, Int. J. Artif. Organs, 25, 223 (2002).
9. M. Tanaka, K. Motomura, N. Ishii, K. Shimura, M. Onishi, A.

Mochizuki and T. Hatakeyama, Polym. Int., 49, 1709 (2000).
10. M. Tanaka, A. Mochizuki, T. Shiroya, K. Motomura, M. Shimura,

M. Onishi and Y. Okahaba, Colloids Surf., A, 203, 195 (2002).
11. M. Tanaka, A. Mochizuki, K. Motomura, M. Shimura, M. Onishi

and Y. Okahata, Colloids Surf., A, 193, 145 (2001).
12. M. Tanaka, Bio-Med. Mater. Eng., 14, 427 (2004).
13. M. Tanaka and A. Mochizuki, J. Biomed. Mater. Res. A, 68, 684

(2003).
14. M. Tanaka, Blood compatibility of poly(2-methoxyethyl acrylate):

Design of a novel bio-interface, Ph. D. Dissertation, Hokkaido Uni-
versity, Sapporo, Hokkaido (2003).

15. B. Wang, J. He, D. Sun, R. Zhang and B. Han, Fluid Phase Equilib.,
239, 63 (2006).

16. H. S. Byun and T. H. Chio, Korean J. Chem. Eng., 21, 1032 (2004).
17. S. H. Kim, Y. S. Jang, S. D. Yoon and H. S. Byun, Fluid Phase Equilib.,

312, 93 (2011).
18. S. D. Yoon, C. R. Kim and H. S. Byun, Fluid Phase Equilib., 365, 97

(2014). 
19. S. D. Yoon and H. S. Byun, Korean J. Chem. Eng., 31, 522 (2014).
20. S. H. Cho, D. S. Yang and H. S. Byun, Fluid Phase Equilib., 351, 18

(2013).
21. R. E. Fornari, P. Alessi and I. Kikic, Fluid Phase Equilib., 57, 1 (1990).
22. R. Dohrn, Fluid Phase Equilib., 106, 213 (1995).
23. M. Christov and R. Dohrn, Fluid Phase Equilib., 202, 153 (2002).
24. R. Dohrn, Fluid Phase Equilib., 288, 1 (2010).
25. J. M. S. Fonseca, R. Dohrn and S. Peper, Fluid Phase Equilib., 300,

1 (2011).
26. M. A. McHugh, F. Rindfleisch, P. T. Kuntz, C. Schmaltz and M.

Buback, Polymer, 39, 6049 (1998).

Fig. 11. Phase behavior of binary system for the poly(2-methoxyethyl
acrylate) and poly(2-butoxyethyl acrylate) [28] in supercrit-
ical carbon dioxide. The concentration of polymer is about
5 wt% for the each solution.



966 Y.-S. Jang et al.

May, 2015

27. F. Rindfleisch, T. P. DiNoia and M. A. McHugh, J. Phys. Chem., 100,
15581 (1996).

28. Y. S. Jang and H. S. Byun, J. Chem. Eng. Data, 59, 1391 (2014).
29. B. E. Poling, J. M. Prausnitz and J. P. O’Connell, The Properties of

Gases and Liquid, 5th Ed., McGraw-Hill, New York (2001).
30. D. S. Yang, S. H. Cho, S. D. Yoon, H. H. Jeong and H. S. Byun, J.

Supercrit. Fluids, 79, 11 (2013).
31. S. H. Cho, S. D. Yoon and H. S. Byun, Korean J. Chem. Eng., 30,

739 (2013).
32. S. D. Yoon and H. S. Byun, J. Chem. Thermodyn., 71, 91 (2014).
33. R. D. Chirico, M. Frenkel, V. V. Diky, K. N. Marsh and R. C. Wil-

hoit, J. Chem. Eng. Data, 48, 1344 (2003).
34. R. L. Scott and P. B. van Konynenburg, Discuss. Faraday Soc., 49,

87 (1970).
35. M. A. McHugh and V. J. Krukonis, Supercritical fluid extraction:

Principles and practice, Butterworth, Boston, MA (1994).
36. D. Y. Peng and D. B. Robinson, Ind. Eng. Chem. Res. Fundam., 15,

59 (1976).
37. http://www.chemspider.com/chemical-structure.17368.html.
38. K. L. Albrecht, F. P. Stein, S. J. Han, C. J. Gregg and M. Radosz, Fluid

Phase Equilib., 117, 84 (1996).
39. C. Y. Tsang and W. B. Streett, J. Chem. Eng. Data, 26, 155 (1981).
40. B. A. Wolf and G. J. Blaum, J. Polym. Sci., Polym. Phys. Ed., 13, 1115

(1975).
41. D. Patterson, Pure Appl. Chem., 31, 133 (1972).



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


