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The phase equilibrium of the system consisting of polydisperse polystyrene in liquid 1,1,1-chlorodifluoroethane
(R142b) was investigated in the temperature range 395-454 K and pressure range 6.8-30 MPa. Partition
coefficients were determined from the overall polystyrene concentration in the solvent-rich phase measured by
u.v. absorption spectroscopy and from the polymer distributions in the two coexisting phases of the two-phase
system at equilibrium. The partition coefficient of a polymeric pseudocomponent (corresponding to a slice of the
polymer chromatogram) is defined as the ratio of its mass concentration in the solvent-rich phase to its weight
fraction in the polymer-rich phase on a solvent-free basis. At constant temperature and pressure, the partition
coefficient of a pseudocomponent is shown experimentally to be independent of the polymer distribution in the
polymer-rich phase. Therefore the mass-based partition coefficient, as defined, of a pseudocomponent can be
identified with the mass concentration of this pseudocomponent in the solvent-rich phase for an equilibrium in
which only a pseudocomponent and the solvent are involved. For given experimental conditions, the partition
coefficients are found to have a log—linear dependence on the chain molar mass. From the temperature and
pressure effects on the partition coefficients, the potential of R142b for fractionation is discussed. © 1997 Elsevier

Science Ltd.
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INTRODUCTION

Supercrmcal fluids (SCF) are 1ncreas1ngly used as solvents
in separation processes The main advantage of the use of
solvents in supercritical conditions lies in the continuous
adjustability of solvent power through changes in the
operating conditions®*. This property makes them very
attractive for polymer processing. Many studies report
methods used to purify, fractionate and synthesize polymers
using SCF*'°. The engineering design of such processes
requires a knowledge of the polymer—solvent system phase
behaviour.

Most of the investigations reported in the literature
concerning the phase behaviour of polymer solutions were
carried out with polymer standards havmg a polymolecu-
larity index (I = M/M,) of <1.1 1-16 "phase diagrams
were obtained by measurement of the dew or bubble po1nts
of solutions of known composition. Saraf and Kiran'!
obtained the coexistence curves (P.x) of polystyrene (PS)
with different degrees of polymerization (DP) in several
alkanes. These phase diagrams were found to be very
sensitive to the molar mass of the polymer and to the
solvent. An increase in polymer DP or the use of a poor
solvent significantly increases the demixing pressures.
Using a similar experimental procedure, Chen and Radosz'?
obtained pressure—temperature constant-composition phase
diagrams for poly(ethylene—propylene) (with different DP) in
supercritical olefins. As the polymer molar mass was
increased, the lower critical solution temperature (LCST)
curve was shifted to lower temperatures until the UCST and
LCST curves merged into a single curve. These diagrams

* To whom correspondence should be addressed

have been of great interest as a practical means of
characterizing polymer solutions and of elucidating thermo-
dynamic and configurational properties of macromolecules,
but they would not provide sufficient information for studies
of mass transfer from a bulk polydisperse polymer to a
solvent.

In fact, a polymer is in most cases a mixture of chains
having different molar molar masses and must be con-
sidered as a multicomponent mixture. Therefore a knowl-
edge of polymer average mass and distribution would not be
sufficient to determine the distribution and/or the polymer
concentration in the solvent-rich phase at equilibrium. The
pertinent parameter characterizing each component of a
multicomponent two-phase system is in fact the mass-based
partition coefficient k;, defined for each component i as the
ratio of its weight fraction in the solvent-rich phase, w;, to
its weight fraction in the polymer-rich phase, }:

k= w)lw} ¢9)

For polymers, various other formulations of the part1t1on
coefﬁ01ent were adopted by Shultz and Jirgensons'’,
Flory'® 819 and Breitenback and Wolf*°

Experimentally, it is easier to obtain a partition
coefficient k;':

wi
Wi
where W, is expressed in kg of i-mer per kg of solvent and
W; is the weight fraction of the i-mer expressed on a
solvent-free basis (g of i-mer per g of PS in the polymer-
rich phase). Experimental k;" determinations using a contln-

uous flow extraction have been performed by Kumar et al?!
These experiments showed that this partition coefficient was

ki’=
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independent of the polymer-rich phase composition for
polystyrene of low DP in butane. As a consequence, the
as-determined partition coefficient can be identified with
the i-mer concentration at equilibrium in the solvent-rich
phase when a solvent—i-mer binary is considered under
the same operating conditions.

For a two-phase system composed of a polydisperse
polystyrene and a solvent, the concentration of each i-mer in
the solvent-rich phase would depend only on its partition
coefficient and weight fraction in the polymer-rich phase at
equilibrium. Hence the overall polymer concentration in the
solvent-rich phase is a linear combination of k;" values and
the weight fractions of the components i in the polymer-rich
phase.

It will be shown that the experimental results of Pradhan
et al.** on supercritical propane and polystyrene can be
explained using the above consideration, which simplifies
the study of multicomponent phase equilibria. We have
therefore developed an experimental procedure for the
determination of k¥’ = AM). The influence of pressure,
temperature and parent polymer composition on the
partition coefficient have been investigated. The method
is based on on-line u.v. measurements of polymer
concentration in the solvent-rich phase with 1,1,1-chlorodi-
fluroethane (R142b) as the solvent and polystyrene as the
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solute. The system studied is a liquid—fluid phase
equilibrivm since the investigated temperature range is
above the glass transition temperature (T,) of polystyrene
(373 K), which is expected to be lowered by a compressed
solvent that would behave as a plasticizer®>.

EXPERIMENTAL

Materials and equipment

The solvent R142b (99.8% purity) was supplied by
Dehon Industrie. Its critical temperature and critical
pressure are respectively 410.3 K and 4.04 MPa?*,

Solvent density data are necessary for the calculation of
the partition coefficients. R142b densities have been
measured by Sousa ef al.” at temperatures < 404 K. For
higher temperatures only a few data were found, for
pressures <10 MPa*®,

We supplemented these available data by measuring the
density of R142b at 392.2 and 423.4 K up to 30 MPa with a
variable-volume sapphire cell used previously for the
determination of phase equilibria of solutions®’. Walsh
and Dee®® found that the Sanchez—Lacombe?® equation of
state (EOS) gives good PVT fits for halocarbons in
supercritical conditions. This equation was used. Its fit to
our measurements and to the data in the literature is shown
in Figure 1, using the following parameters: p* =
1417kgm=>, P* = 2.99 X 10%Pa, T* = 427.9K. The
densities at 453 K were obtained by using this EOS, the
predictions of which should be good, as long as these points
are away from the critical point of R142b. Moreover, the
predicted densities are in the range for which the fit was
made.

The polystyrene samples used were a mixture of different
standards supplied by Aldrich (2500, 4000 and
13000 g mol™ ') and Thouzard et Matignon (7000 and
9600 g mol ).

The experimental setup used for partition coefficient
measurements is shown in Figure 2. Its main component
was a closed loop consisting of a circulating pump
(operating up to 493 K and 32 MPa), a cylindrical fixed
bed of a mixture of PS and Raschig rings, and a u.v.—visible
optical cell equipped with a sapphire window (Figure 3).
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Figure 2 Experimental setup for the measurement of partition coefficients
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Figure 3 u.v. cell and focusing setup
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Figure 4 Influence of temperature on absorption spectra of polystyrene in
terahydrofuran and dichloromethane

The latter was used for measurements of PS concentration in
the solvent-rich phase and could be operated up to 673 K
and 40 MPa. The whole system was maintained at a
constant temperature within * 0.5K in two air-bath
thermostats. A separate thermostat was used to preheat the
pure fluid. Pressure was measured with 0.05 MPa accuracy
using a calibrated strain-gauge transducer. An Autoclave
Engineers micrometering valve at the outlet allowed
pressure control when the solubilized polystyrene was
recovered. The light source was a xenon lamp. Fibre optics
and an adapted u.v.-grade focusing optical setup ensured

light transmission. The transmitted light was analysed with
a Jobin-Yvon monochromator model H20, then recorded by
a personal computer via a Jobin-Yvon interface (model
Spectralink).

Absorption coefficient measurements

The use of u.v. absorption for measuring concentration
requires a knowledge of the polystyrene absorption coefficient
inR142b, and the influence of pressure and temperature on this
parameter. No data were found in the literature for this system.
R142bis gaseous at ambient pressure and temperature, and the
preparation of calibrated polystyrene solutions was difficult.
We therefore studied the effects of temperature and pressure
on the polystyrene absorption coefficient using two solvents of
different nature: tetrahydrofuran and dichloromethane (u.v.
grade from Aldrich).

Five calibrated solutions of polystyrene in the two
solvents were prepared. The absorption coefficients were
measured in the u.v. cell. Experiments were carried out with
tetrahydrofuran at ambient temperature and pressures
ranging from 0.1 to 30 MPa and no significant change in
the absorption coefficients was found. The temperature
effect was determined by making measurements at ambient
temperature and 422 K at respectively 0.1 and 17.8 MPa.
Figure 4 shows the polystyrene spectra at ambient
temperature and at 422 K. As expected, spectral broadening
is observed at the higher temperature. The absorption
coefficients were measured at the peaks located at 259 + 1
and 266 = 1 nm. The data obtained are given in Table 1. For
both solvents, the increase in temperature is accompanied
by a decrease in absorption coefficient (due to the spectral
broadening). At 422 K, the values obtained for both solvents
agree within experimental error. Therefore we assume that
PS absorption behaves in the same way in R142b at 259 and
266 nm. Considering the precision of the measurements, we
assume that the absorption coefficients remain constant in
the temgerature range 120-180°C, i.e. 205 X 103 and 154 X
10° cm?mol ! at 259 and 266 nm respectively.

Procedure

The system was heated to the working temperature and
filled with the solvent using the high-pressure pump. The
loop was then isolated (by closing valve A) and the
circulating pump was activated. When the transmitted light
at 259 nm showed no variation of for at least 6 h, indicating
that equilibrium had been reached, the solubilized polymer
could be recovered. The whole run lasted ~15 h. By closing
the valves C and D, the polymer recovery cylinder and the
u.v. cell were then isolated from the rest of the loop and the
solvent inlet (valve A) was opened to sweep the solution at
constant pressure. Polymer was recovered by expanding the
solution at atmospheric pressure. The polymer recovery
cylinder was large enough for at least 5 mg of solubilized
polymer to be recovered. This quantity was necessary for
polymer composition analysis. A u.v. spectrum was taken
before and after recovery, to measure the overall solubility

Table 1 Absorption coefficient of polystyrene in dichloromethane and tetrahydrofuran: influence of temperature at 259 and 266 nm

Wavelength Absorption coefficient at 293 K Absorption Soeff}ciem at 422 K

(nm) (1073 em®mol ™) (107 em’mol 7
Dichloromethane THF Dichloromethane THF

259 208.8 208.0 205.2 205.5

266 162.3 166.4 153.7 154.9
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at equilibrium. The solubilized polymer, the initial polymer
and the polymer remaining in the mass exchanger were
analysed using size exclusion chromatography in tetra-
hydrofuran, with a Waters apparatus (Ultrastyragel columns
of pore sizes 10, 50 and 100 nm) calibrated with standard
polystyrene samples.

Partition coefficient calculation

The resolution of s.e.c. cannot yield the weight fraction of
each chain length contained in a polymer mixture. The
chromatograms were therefore divided into slices &¢,
referred to as pseudocomponents corresponding to the
average elution time ¢;.

The partition coefficients can be calculated from a
knowledge of the total polymer concentration (from u.v.
measurement), the volume of the loop, the mass distribution
of the extracted and initial polymers and the total amount of
polystyrene initially introduced into the contactor.

The distribution of the polymer-rich phase at equilibrium
was obtained by subtracting the mass of each solubilized
pseudocomponent from its mass in the initially introduced
polymer. The distributions obtained by calculation and by
analysis should be close to each other. In addition to the
s.e.c. accuracy, the differences may be attributed to two
factors induced by the experimental procedure: on one hand
by the precipitation of the solubilized polymer remaining in
the mass exchanger at the end of the experiment, and on the
other hand by polymer dragging during loop depressuriza-
tion at the end of the experiment. In fact the polymer
precipitation was negligible, considering the small volume
of the mass exchanger and the low polymer solubility.
Moreover, we believe that polymer dragging was negligible,
because depressurization was operated at room temperature.

Figure 5 shows the pseudocomponent weight fractions in
the solvent-rich phase of the calculated polymer at
equilibrium and of the polymer remaining in the mass
exchanger at 424 K and 24.6 MPa. Here the initial charge
was 1.190 g of parent polymer and the solubilized polymer
mass in the loop was 0.064 g. Figure 5 shows two main
features: (1) the weight fractions of the cuts below
2300 g mol ! and above 11100 g mol ™! are too small for
accurate measurement of the partition coefficient; (2) the
solubilized polymer comprises the fractions of relatively
low molar masses.

014

Weight fraction

26313 15616 9268 5500 3264 1937 1150 682
Molar mass (g/mol)

Figure 5 Mass distributions of polymer remaining in mass exchanger at
equilibrium, obtained by calculation (shaded squares) and s.e.c. analysis
(M), and mass distribution of solubilized polymer (hatched squares). T =
424 K, P = 24.6 MPa

350 POLYMER Volume 39 Number 2 1998

RESULTS AND DISCUSSION

The first part of the work consisted in verifying whether the
distribution of the parent polymer had an influence on the
partition coefficient. The latter was measured for two
different distributions of the parent polymer (Figure 6)
under the same operating conditions. These experiments
were performed at 426 K and 23.6 = 0.2 MPa. The results
are presented in Figure 7. For both samples, the partition
coefficients have a log—linear dependence on the chain
molar mass, and fall on the same line, within experimental
error. The partition coefficient may therefore be considered
as independent of the parent polymer distribution, which is
in agreement with the work of Kumar et al?' on
supercritical ethane and polystyrene with molar masses
<3000 g mol .

Pradhan ef al?> have measured the solubility of a
3250 g mol~! weight-average molar mass (M,,) sample of
polystyrene (I = 1.06) in supercritical propane. It was found
to be 0.176 kg of PS per kg of propane (0.15 in weight
fraction). The solubility of a 30:70 (w/w) mixture of this
sample and a M, 47950 g mol™" (I = 1.05) sample
measured under the same experimental conditions was
found to be 0.053 kg of PS per kg of propane (0.05 in weight
fraction). Assume that the 3250 g mol ™" sample is a mixture
of n pseudocomponents each having a weight fraction W} !
in the polymer-rich phase (on a solvent-free basis). If ;' is
the partition coefficient of each pseudocomponent, then the
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Figure 6 Composition of samples remaining in mass exchanger used to
study effect of polymer composition on partition coefficient. T = 426 K,
P =23.6 MPa
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Figure 7 Influence of polymer composition on partition coefficient at T =
426 K, P = 23.6 MPa. Total polystyrene mass concentration for samples 1
and 2 respectively 1.1 and 0.7 g polystyrene per kg solvent
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Table 2 Molar mass and polydispersity index of samples used for experiments at 424 K

Pressure (MPa) 9.7 14.9 24.6 303
My (g mol™") 4260 4510 8420 8800
1 1.48 1.37 1.22 1.33
C* (kgkg ™" 79 %x 107 2.1 %1073 14 % 1073 19 x 107°
“Total overall mass concentration for these experiments at equilibrium.
01 ¢ P (bar)
ago o + 9.7 MPa Q0 140 190 240 290
001 #X%, Bg°, x 14.9 MPa 0.1 . T ey
F x o Mol
K L, x® : o 8 24.6MPa —— 5500 g/mol
+ X a o o 30.3 MPa —e— 4828 g/mol
X 0001 | *, X . ° 001 ¢ —a— 4237 g/mol
F x s ° g —+—3719 g/mol
+ x o
< o o - —s-3264 g/mol
0.0001 | * a i 0001 | —a— 2865 g/mol
E + x ° ; ~&-2515 g/mol
+ r —a— 2207 g/mol
0.00001 00001 |
1000 3000 5000 7000 9000 11000 13000 E
Molar mass (g/mol) 0.00001

Figure 8 Partition coefficient at 424 K as a function of molar mass at
different pressures. Overall polystyrene solubility and parent polymer
molar mass are given in Table 2

overall concentration of polystyrene W !is given by:

n
Wvl Z Wvl Z k,-’W,-SI 2)
1
where W/ ! is the concentration of the pseudocomponent i at
equilibrium in the solvent-rich phase for the first experi-
ment. For the second experiment equation (2) becomes:

n+m n+m
WV2 Z k, Ws2 z k, W52+ z k; Ws2 3)
n+1

where subscnpt m stands for the pseudocomponents of the
47950 g mol~' sample. The partition coefficient k' has a
log-linear dependence on polymer molar mass. Therefore
it takes neghglble values for the pseudocomponents of the
47950 g mol ' sample, which is also the case for the second
term of equation (3). Considering the 30:70 polymer mix-
ture composition, equation (3) becomes:

V2 — Z k' (0.3Ws) =0.3W;! @)

The overall polystyrene concentration in the solvent—nch
phase is therefore expected to be 0.053 kg kg™, which is
equal to the experimental value. The results of these experi-
ments are therefore consistent with the independence of the
partition coefficient on the polymer distribution in the poly-
mer-rich phase.

Daneshvar and Gulari®® have measured the partition
coefficient defined by equation (1) of poly(ethylene glycol)
forming a two-phase system with supercritical CO». It was
found to have a log-linear dependence on polymer molar
mass for sufficiently high degrees of polymerization, i.e.
when end-group effects become negligible. Such a partition
coefficient differs by a constant factor from &’ for a given
experiment. References 22 and 30 therefore corroborate the
log-linear dependence of the partition coefficient on
polymer molar mass.

Figure 9 Partition coefficient as a function of pressure for pseudocom-
ponent molar masses ranging from 2200 to 6300 g mol ™. 7= 424 K

Figure 8 shows the influence of pressure on the partition
coefficient at 424 K. An increase in pressure has two effects:
an increase in the partition coefficient for all i-mers, and a
decrease in the slope of the k' = fiM) curve. The
partition coefficient increases by three orders of magnitude
for PS chains having a difference in molar mass of
4000 g mol ™! at 9.7 MPa, whereas at 30.3 MPa the increase
is only one order of magnitude for the same molar mass
difference. Consequently, increasing the pressure leads to a
higher rate of extraction but a lower selectivity. Such a
property is specific to supercritical fluids, making them very
attractive for selective extraction processes.

The characteristics of the parent polymers used for the
experiments at 424 K are given in Table 2. Although the
molar weights differ from one experiment to another, k' is a
smooth function of pressure for given pseudocomponent, as
shown in Figure 9. This behaviour reinforces the previous
conclusion about the independence of the partition coeffi-
cient on the parent polymer composition.

The influence of temperature at constant solvent density
was investigated. For liquids far from the critical point, a
change in temperature at constant pressure is followed by a
very small change in density. Therefore solubility studies in
liquids at different temperatures account mainly for
temperature effects. At supercritical and near-supercritical
conditions, no such approximation can be made: a change in
temperature at constant pressure is followed by a consider-
able change in density (see Figure I). Therefore, operating
at the same density and at different temperatures requires, at
mean time, a pressure change. Figures 10 and 11 show k;' as
a function of PS molar mass at two constant densities
(920 and 850 kg m ™). Considering the very low polymer
concentrations, the solution densities have been assumed to
be equal to the pure solvent densities. As expected, the
partition coefficients are higher at higher temperatures. An
increase of more than one order of magmtude for a 60 K
increase is observed for M; = 3000 g mol™' at a solvent
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Figure 10 Partition coefficient as a function of molar mass at constant
solvent density for different temperatures. p = 850 kg m™?
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Figure 11 Pseudopartition coefficient as a function of molar mass at
constant solvent density for different temperatures. p = 920 kg m™
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Figure 12 Isobaric (23.6 MPa) plot of log k' as a function of molar mass
for two temperatures

density of 850 kg m . It should be noticed that the curve
slope changes with temperature.

Isobaric plots (23.6 MPa) of log k' versus M; at two
different temperatures (454 and 426 K) are shown in
Figure 12. Both curves are very close to each other. At
this pressure, the effect of the density change of the solvent
due to the temperature variation at constant pressure
compensates the effect of temperature change on solvent
power. Studies of the solubility of low-molar-mass
compounds in supercritical fluids show similar behaviour,
and two solubility regions are observed. In the first region,
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the effect on solubility due to the decrease in solvent density
with temperature rise at constant pressure is larger than the
temperature change effect (retrograde condensation),
whereas in the second region (which concerns higher
pressures) the relative effects of the temperature change and
of the induced solvent density change are reversed. The
(Px) diagram of PS in pentane obtained by Saraf and
Kiran'! is an illustration of this behaviour.

CONCLUSIONS

By using a method in which the overall polystyrene
concentration and composition in the solvent-rich phase
are measured, the influence of pressure and temperature on
the partition coefficient of polystyrene in R142b was
investigated. Considering the experimental conditions, the
partition coefficients were found to be independent of the
polymer-rich composition in terms of polymer distribution.
Consequently the partition coefficient is equal to the
equilibrium mass concentration of pure i-mer in the
solvent-rich phase as generally obtained with monodisperse
samples. Conversely, from a knowledge of these partition
coefficients, the overall solubility and solvent-rich compo-
sition can be calculated whatever the parent polymer’s
polymolecularity. Moreover, the solvent selectivity with
respect to polymer molar mass can be assessed.

The selectivity is closely related to the slope of the linear
curve which represents the logarithm of partition coefficient
as a function of i-mer molecular weight. Generally, the
selectivity is temperature- and pressure-dependent. Around
20 MPa, this selectivity is weakly temperature-dependent.

For temperatures not too far from the critical temperature
of the solvent (T/T, < 1.1), the solubility and the selectivity
are strongly pressure-dependent (due to large solvent
density variations).

The pressure dependence of the selectivity and of the
solvent power of supercritical fluids makes them attractive
for developing processes involving unreacted monomer
removal, oligomer removal or fractionation of a broadly
distributed polymer into narrow distributed fractions.

Preliminary experiments have shown that the solvent is
well adapted for polystyrene fractionation®'. From succes-
sive extractions with pressure profiling, we have obtained
fractions of increasing average molecular weight M, from
800 to 9500 g mol ™!, in agreement with the increase in
partition coefficients with pressure.
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