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ABSTRACT: The development of polymeric systems for drug delivery
has received attention with the aim of producing new systems as an
alternative to conventional drug therapy. The design of new systems for
this purpose in a compressed medium requires a knowledge of the
phase behavior for the polymeric matrix in the high-pressure fluids. This
work reports the phase equilibrium experimental data of binary systems
involving poly(ethylene glycol) (PEG) with molecular weights of 1000
and 2000 gmol™' and 1,1,1,2-tetrafluoroethane (HFA-134a). The
experimental data were obtained in a high-pressure variable-volume
viewing cell based on the static synthetic method at temperatures from
2874 to 3342 K, pressures of up to 29.81 MPa, and a PEG
concentration in the range of 1 to 7 wt %. Liquid—liquid equilibrium,
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liquid—liquid—vapor equilibrium, and, in some cases, solid—liquid equilibrium were observed under the experimental conditions
of pressure, temperature, and compositions investigated. The experimental results show that temperature and pressure have
significant influences on the solubility of PEG in HFA-134a. The solid-phase formation for the system PEG + HFA-134a, in the
range of values investigated for temperature, pressure, and compositions, is influenced by the molecular weight of the polymer.

1. INTRODUCTION

Interest in the development of polymeric systems for drug
delivery is growing. In recent years, anchored by genetic
engineering and biotechnology, many studies have been
conducted to produce new systems as an alternative to
conventional drug therapy.' ™

The production of particles with size control and distribution
has been the subject of various research for the development of
biodegradable and/or biocompatible polymeric nanoparticles.
Such investigations are related to the search of formulations for
the controlled release of active principles or to the use of more
appropriate routes of administration.

The traditional techniques for producing the above-
mentioned particles have limitations that include the excessive
use of solvent, resulting in large residual concentrations of these
solvents in the final product, chemical and thermal degradation
of the solute, and difficulties in controlling the size and
distribution of the particles during processing.”~ "

High-pressure subcritical or supercritical fluids have been
used frequently as media to produce micro/nanoparticles of
various biodegradable polymers for drug delivery applications.
This process shows appreciable properties such as mass
transfer, near-zero surface tension, and effective solvents
elimination.""
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In these systems, the goal of the biopolymer particle
formation process is to encapsulate a biologically active
ingredient within a polymer matrix to make possible the
ﬁlrtlllgrncontrolled release of such an ingredient to a target
site.” ™"

The majority of the investigations on high-pressure
polymeric nanoparticles, reported in the literature, deals with
a carbon dioxide precipitating agent.”'” The phase behavior of
the chosen polymer and pharmaceutical drug in the high-
pressure solvent plays a crucial role in the design of an efficient
controlled -release system.'”'® Because of the very low
solubility of the majority of polymers in carbon dioxide,
experimental data of phase equilibria of polymeric system in
this gas were measured with organic solvents as entrainers."*~"*

Poly(ethylene glycol)s (PEGs) also exhibit low solubility in
carbon d10x1de, ie, the system has a wide heterogeneity
region.'””° Like the other polymers, PEG’s solubility in CO, is
strongly dependent on its molecular weight.”** Other
biocompatible gases, such as hydrofluoroalkanes (HFAs),
whose mixtures with polymers are expected to have larger
homogeneity regions, could also be explored in this area.
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The HFAs are refrigerant gases containing hydrogen,
fluorine, and carbon in their structure. The HFAs are used in
industry as solvents, as aerosol propellants, as fire extinguisher
gases, as blowing agents in the manufacture of foams, and,
finally, as refrigerants in air conditioning devices, refrigerators,
and heat pumps.””>* HFAs were introduced in the
pharmaceutical industry to replace CFCs (chlorofluorocar-
bons). Because CFCs affect the ozone layer, they have been
banned in medicines since the year 2005. Refrigerant 1,1,1,2-
tetrafluorethane is an HFA that is also known as HFA-134a
and/or HEC-134a and/or R-134a.>°

In the pharmaceutical and cosmetics areas, PEG has been
used in a wide variety of applications because of properties such
as its solubility in water and organic solvents, low toxicity, high
lubricity, high stability, and low volatility.”* > PEG has been
used frequently in the formulation of capsules and suppositories
designed for drug release control in the human body.””*

In this work, the phase behavior of systems composed of
refrigerant gas HFA-134a and of biocompatible and biodegrad-
able polymer PEG was experimentally investigated. Phase
transitions were determined over a range of temperature,
pressure, and polymer concentration. Liquid—liquid equili-
brium (LLE), liquid—liquid—vapor equilibrium (LLVE), and, in
some cases, liquid—solid equilibrium (LSE) were observed over
the experimental ranges of conditions investigated.

2. EXPERIMENTAL SECTION

2.1. Materials. HFA-134a gas (99.9% purity) was purchased
from DuPont (Holland). PEG-1000 (M, = 1000 g-mol™’,
density at 293 K = 1.2 g-cm ™, polydispersity index about 1.1,
melting point = 309—313 K) was provided by Fluka. PEG-2000
(M, = 2000 gmol™', density at 293 K = 121 gem™,
polydispersity index about 1.2, melting point = 309—313 K)
was purchased from Sigma. Both PEGs have a vapor pressure of
less than 1.0 X 107 MPa at 293 K. Solvent HFA-134a and both
polymers were used without further purification.

2.2. Phase Equilibria Apparatus and Procedure. All
experimental data of the measured phase equilibria were
recorded in a variable volume view cell based on the static
synthetic methodolo§y. An apparatus description can be found
in the literature.”"

The experimental procedure is started by loading a precise
mass of PEG into the equilibrium cell (precision of 107* g).
The cell is then closed and connected to the experimental unit,
and HFA-134a is made to flow at low pressure, slowly, through
the cell to remove residual air. Then, a syringe pump is used to
load HFA-134a with a precision of 0.01 mL. The mixture is
stirred in the cell with the help of a magnetic stirrer. The
temperature controller is turned on, and the pressure of the
system is increased until a single phase is observed within the
cell. The system is maintained at this point for about 30 min for
stabilization. For the liquid—liquid and liquid—liquid—vapor
acquisition data, the pressure is slowly decreased at a rate of
around 0.3—0.4 MPa-min~" until the appearance of a second
phase. The value of the measured pressure is recorded, and the
equilibrium data was obtained in triplicate for each temperature
and composition. The uncertainty in the measured pressure is
estimated to be lower than +0.08 MPa. The mass of HFA-134a
loaded into the cell is computed from the difference between
the initial volume and the final volume occupied by the solvent
within the syringe pump. The estimated composition
uncertainty is around wt % 0.01. Temperature is controlled
to within +0.5 K

To obtain the solid—fluid transition data, a methodology
similar to that described by McHugh and Krukonis®* and
Favareto et al.”> was used. The experimental procedure is
analogous to that described above for fluid—fluid transitions
except that in this case, for solid—fluid equilibrium measure-
ments, the temperature is varied while the pressure remains
constant.

3. RESULTS AND DISCUSSION

3.1. System HFA-134a + PEG-1000. Table 1 shows the
phase equilibrium data for the system HFA-134a + PEG-1000,

Table 1. Phase Equilibrium Data for the System HFA-134a +
PEG-1000“

LLE LLVE
T/K P/MPa T/K P/MPa
wt % PEG: 1.40
333.15 8.24 + 0.08 293.0 1.03 £+ 0.03
313.0 1.56 + 0.01
3333 2.13 £ 0.03
wt % PEG: 2.49
302.7 1.20 + 0.04 293.2 0.64 + 0.03
313 5.76 + 0.06 303.2 0.87 + 0.04
333.3 12.76 + 0.04 313.2 1.18 £ 0.01
333.3 1.85 + 0.02
wt % PEG: 4.74
293.8 2.63 + 0.03 293.8 0.67 + 0.02
313.2 12.91 + 0.04 313.2 1.45 + 0.03
333.1 21.32 + 0.06 332.8 1.97 £ 0.02
wt % PEG: 6.95
293.1 429 + 0.03 293.1 0.48 + 0.02
313.1 15.30 + 0.03 3132 0.97 + 0.04
332.9 21.78 + 0.03 333.2 1.71 £ 0.03

“u(T) = 0.5 K, u(wt %) = 0.01, and u(p) = 0.08 MPa. u is the
uncertainty in the measurement.

at different PEG concentrations (1.40, 2.49, 4.74, and 6.95 wt
%). At higher concentrations, it was found that PEG-1000 is
not soluble in HFA-134a, within the temperature and pressure
ranges investigated in our experiments (293 to 333) K and at
pressure of up to 30 MPa, which is the maximum operating
pressure of the experimental apparatus. In this system, LLE and
LLVE were observed. The transition pressure values reported
in Table 1 are average values of at least two duplicate runs and
are presented together with the corresponding standard
deviation values.

Figure 1 shows a P—T projection of experimental solubility
measurements obtained for the HFA-134a + PEG-1000 system
at 293, 303, 313, and 333 K and a PEG concentration of 2.49
wt %. In the region below the LLVE curve (squares), there are
two phases: a vapor and a liquid phase. The area between the
LLVE curve and the LLE curve (thombuses) is the liquid—
liquid immiscibility region, where two distinct liquid phases are
present. Above the LLE curve, the system is homogeneous
(single liquid phase). As can be observed in Figure 1, an
increase in temperature leads to a decrease in PEG-1000
solubility, and an increase in pressure promotes an increase in
glycol solubility. Figure 1 shows that if,while following a path
on the homogeneous region the system enters the heteroge-
neous region then at some temperature and pressure values a
higher pressure will take (when keeping the temperature
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Otherwise, at the highest temperature, ie., at 333 K (Figure
3C), and also at PEG-1000 = 1.4 wt %, both LLVE and LLE

TK

Figure 1. Phase equilibrium data for the HFA-134a + PEG-1000
system at PEG concentration = 2.49 wt %. (M) = LLE and (O) =
LLVE.

constant) the system back into the homogeneous region (single
phase of the liquid type).

In general, as in the case of Figure 1 and in the other figures
in the article with a P—T projection, the systems involving
polymers have a region that exhibits liquid—liquid equilibrium
of the lower critical solution temperature type (LCST
curve).**™** In this region, the characteristic of the system is
an immiscibility area where the increase in the temperature at
constant pressure leads to a decrease in the solubility of the
polymer into solvent. Thus, in order to keep the system in a
single phase by increasing the temperature, it is also necessary
to increase the pressure, resulting in a positive slope of the
liquid—liquid equilibrium curve. As described in the literature,
the LCST behavior is dependent on the entropy of the system,
which is an effect of the difference in free volume between the
solvent and PEG, suggesting that the intermolecular forces
between polymer and solvent are temperature-dependent.””*’

Figure 2 shows the LLE and LLVE curves for the system
HFA-134a + PEG-1000 in the temperature range from 293 to
333 K for all studied compositions.

As shown in Figure 2, as the PEG concentration increases,
liquid—liquid and vapor—liquid—liquid curves merge at a lower
temperature. Also, the liquid—liquid curve slope becomes more
pronounced, increasing the region of liquid—liquid immisci-

bility.
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Figure 2. Phase equilibrium data for the HFA-134a + PEG-1000
system at different PEG concentrations: (l) LLE and (O) LLVE,
PEG = 1.40 wt %; (A) LLE and (A) LLVE, PEG = 2.49 wt %; (@)
LLE and (O) LLVE, PEG = 4.74 wt %; (#) LLE and (<) LLVE, PEG
= 6.95 wt %. Lines through data points are only to guide the eye.

Figure 3. Phase equilibrium data for the HFA-134a + PEG-1000
system at (A) 293 K, (B) 313 K, and (C) 333 K. LLE = O and LLVE =
0.

transitions were found. Figure 3 suggests that as the
temperature increases, the point where the LLE branch of
higher solvent concentration and the LLVE locus meet is
shifted to the right, i.e, to a higher solvent concentration. In
other words, at a set high solvent concentration, the LLE
transition is easier to detect if the temperature is sufficiently
high.

Figures 1 and 2 suggest that, at a given overall PEG-1000
concentration, the LLE and LLVE loci meet at some point. If
that is the case, then such a point would be a LLVE point
belonging to the phase envelope of the constant composition
plot (= isopleth plot).

3.2. System HFA-134a + PEG-2000. The experimental
measurements for system HFA-134a + PEG-2000 were
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performed at PEG concentrations of 1.39, 2.80, 3.89, and 7.04
wt %. Table 2 shows the phase equilibrium data for system

Table 2. Phase Equilibrium Data for System HFA-134a +

PEG-2000“
LLE LLVE LSE

T/K P/MPa T/K P/MPa T/K P/MPa

wt % PEG: 1.39
303.1 1.56 + 0.06 303.1 0.46 + 0.02 2874 £ 0.1 14.06
313.1 6.42 + 0.03 313.1 0.58 + 0.02 290.7 + 0.3 5.98
3332 1491 + 0.03 3332 121 + 0.01 291.8 +£ 0.2 4.04
293.6 £ 0.3 2.53

wt % PEG: 2.80
303.1 825 £ 0.05 303.4 0.61 + 0.01 293.8 23.07
313.1 13.68 + 0.04 313.1 0.94 + 0.02 294.7 + 0.2 14.04
3333 24.93 + 0.05 333.2 147 £ 0.02 295.7 £ 0.2 10.08
296.6 + 0.4 8.05

wt % PEG: 3.89

302.8 11.83 + 0.01 303.2 0.77 £ 0.03 295.5 + 0.4 27.16
313.2 18.67 + 0.0S 313.2 1.07 + 0.02 2954 + 0.3 22.06
333.2 29.81 + 0.03 333.3 1.96 + 0.03 2953 + 0.2 17.02

296.9 + 0.1 15.04
297.6 = 0.1 13.04
wt % PEG: 7.04

303.0 12.89 + 0.05 302.7 0.4S5 + 0.02 2989 + 0.3 14.52
313.1 19.83 + 0.02 313.1 0.69 + 0.04 2978 + 04 17.04
323.0 27.01 + 0.04 323.0 1.06 + 0.04 2975+ 03 20.07

2973 £ 0.2 23.01

297.3 £ 0.2 27.0S
“u(T) = 0.5 K, u(wt %) = 001, and u(p) = 0.08 MPa. u is the
uncertainty in the measurement.

HFA-134a + PEG-2000. For this system, besides fluid—fluid
transitions, the formation of a solid phase at low temperatures,
usually below 298 K, was also observed. Each liquid—solid
equilibrium (LSE) data point was obtained by decreasing the
temperature while the pressure was kept constant, so the
standard deviation was presented for temperature transitions
(Table 2). On the other hand, the LLE and LLVE were
experimentally found by decreasing the pressure at constant
temperature; consequently, the standard deviation was
calculated for pressure transitions.

Figure 4 presents the P—T diagram for the HFA-134a +
PEG-2000 system at 1.39 wt % PEG in the mixture. The two-

phase region below the LLVE line is of the liquid—vapor
equilibrium (LVE) type. The area extending between the LLVE
and LLE curves is the region of liquid—liquid immiscibility, and
the area limited by the LLE curve and the LSE curve is a
homogeneous region of the liquid type. In the region located to
the left of the LSE curve, the system presents two phases: a
liquid phase and a solid phase. The pressure values of the LLVE
line are in the order of those of the vapor pressure curve of pure
HFA-134a (not shown in the figure). Besides, the LLVE
pressure values are relatively low in comparison to those of the
LSE and LLE curves.

Solid phases were not observed for system HFA-134a +
PEG-1000 within the experimental ranges of conditions. These
finding suggests that the PEG molecular weight influences the
temperature of solidification of the polymer when it coexists
with HFA-134a in a fluid phase. From Figure 4, it seems that
the LLE curve and the LSE curve should meet at a solid—
liquid—liquid equilibrium (SLLE) point belonging to the
equilibrium phase envelope.

Figure 5 depicts, for system HFA-134a + PEG-2000, the
experimental phase behavior at different PEG concentrations
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Figure 4. Phase equilibrium data for the HFA-134a + PEG-2000 (1.39
wt %) system: (A) LSE, (<) LLE, and (O) LLVE. Lines through data
points are only to guide the eye.

Figure S. Phase equilibrium data (LSE and LLE) for the HFA-134a +
PEG-2000 system at different temperatures, pressures, and PEG
compositions: ((0) LLE and (M) LSE at PEG = 1.39 wt %; (O) LLE
and (@) LSE at PEG = 2.80 wt %; (A) LLE and (A) LSE at PEG =
3.89 wt %; and (¢) LLE and (#) LSE at PEG = 7.04 wt %. Lines
connect only experimental points. Lines through data points are only
to guide the eye.

(1.39, 2.80, 3.89, and 7.04 wt %), temperatures (293 to 333 K),
and pressures (up to 30 MPa). It is noticed that as the PEG
concentration increases, the LSE locus is shifted to higher
temperatures and is in accordance with results obtained by
Weidner et al. (1996)*' for systems composed of CO, and PEG
with different molar weights. Figure 5 also shows that the LLE
transition curves move up in the pressure—temperature plane
when the PEG-2000 content increases. Thus, higher PEG-2000
concentrations imply higher miscibility pressures of system
HFA-134a + PEG-2000. The behavior of the LSE and LLE loci,
shown in Figure S, suggests that the SLLE point that would be
located on the phase envelope is significantly shifted toward
higher temperature and higher pressure as the PEG-2000
concentration is increased. The extrapolation of the exper-
imental LLE and LSE curves, for a given overall PEG-2000
concentration, could provide an estimate of the temperature
and pressure coordinates of the SLLE point belonging to the
corresponding phase envelope.

Figure 6 presents a comparison of LVE and LLE curves for
PEG-1000 and PEG-2000 in HFA-134a. It is seen that there is a
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Figure 6. Comparison of LLVE and LVE data at different
temperatures (293 to 333 K) for systems HFA-134a + PEG-1000
(squares) and HFA-134a + PEG-2000 (circles). Solid symbols, LLE;
open symbols, LLVE. (A) PEG-1000 = 1.40 wt % and PEG-2000 =
1.39 wt %, (B) PEG-1000 = 4.74 wt % and PEG-2000 = 3.89 wt %,
and (C) PEG-1000 = 6.95 wt % and PEG-2000 = 7.04 wt %. Lines
through data points are only to guide the eye.

remarkable influence of the PEG molecular weight on the HFA-
134a + PEG phase behavior under the conditions investigated
in this work. This influence is more pronounced for the LLE
curve, independent of the PEG composition. Wiesmet et al.*'
investigated gas solubility in PEG in systems with PEG +
propane, PEG + N,, and PEG + CO,, with PEG MWs of 200,
1500, 4000, and 8000 g'mol™'. They have observed that the
increase in PEG molecular weight of 200 to 1500 g-mol™
strongly influenced the propane solubility because of the
number of polymer polar end groups responsible for
intermolecular association. This same behavior was also
observed by Daneshvar et al”' for CO, + PEG (400, 600,
and 1000 g'mol™") systems.

In the work of Wiesmet et al,*' as the molecular weight of
the polymer increased (PEG 1500 to PEG 8000), the propane
solubility was weakly influenced by polymer self-association.
The same behavior was observed for the system with CO,. In
the system with N,, the increase in polymer molecular weight
did not influence the gas solubility because of the very low
solubility of this gas in PEG. It should be emphasized that all of
the cited works deal with carbon dioxide as the solvent, which is
a nonpolar solvent.

For polar solvents, such as HFA-134a used in this work, it is
expected that polar polymers such as PEG have considerable
solubility that is influenced by the molecular weight of the
polymer as a result of interactions between polymer and solvent
such as dipole—dipole and hydrogen bonding. Kuk et al.**
studied the phase behavior of poly(p,L-lactide) (MW = 2000
and 30000) with four hydrofluoroalkanes with different dipole
moments, including HFA-134a as the more polar of the
solvents, in the temperature range of 303 to 373 K and at
pressures from 3 MPa up to 85 MPa. They observed that more
polymer was dissolved as the dipole moment of the solvent
increased and that increasing the polymer molecular weight
decreased the single-phase region. This same behavior was also
observed by Lee et al.*’ for system L-PLA + HCFC-22.

4. CONCLUSIONS

The phase behavior of mixtures of refrigerant HFA-134a and a
poly(ethylene glycol) (PEG, molecular weight equal to 1000
and 2000 g:mol ") was investigated at distinct temperatures (in
the range of 288 to 333 K) at a PEG concentration of up to 7.5
wt % and at pressures of up to 30 MPa. The results indicated
that, for both PEGs, the increases in pressure and temperature
have positive and negative effects, respectively, on the solubility
of PEG in HFA-134a. Liquid—solid equilibrium (LSE) was
observed for temperatures below 303 K for system HFA-134a +
PEG-2000. The results also indicated that the phase behavior of
PEGs in HFA-134a is influenced by the molecular weight of the

polymer.
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