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Abstract

Phase equilibria of C&-Phenol—Poly(ethylene terephthalate) (PET) ternary system were investigated at 318.15 and 326.15 K and at
pressures ranging from 6 to 17 MPa. The results show that the solubility ¢fifttPET/phenol solution increases with pressure, and
decreases with temperature. The solubility of PET in phenol (opf@@ basis) decreases significantly with pressure at pressures lower than
10 MPa at 318.15 K and 11 MPa at 326.15 K, but increases slightly with pressure at higher pressures. On the basis of the phase behavior
studied, PET powders were produced by the gas anti-solvent (GAS) process, and the morphology of the precipitated PET was examined using
scanning electron microscop® 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction conventional liquid anti-solvent is that, by a suitable choice
of supercritical fluid and operating conditions, the solvent

It is well known that poly(ethylene terephthalate) (PET) can be extracted by anti-solvent and removed completely

is a high melting compound which has exceptional value as leaving behind a dry precipitate. Moreover, the GAS

a fiber and film-making material, and which currently domi- process uses common organic solvents in which a variety

nates the whole field of linear polyester substances. of polymers can be dissolved at ambient temperature. This

However, the high viscosity and limited solubility in liquid technique opens a bright future for producing new types of

solvents restrict its processing to powders and hence thepolymer materials because the powder shape, size distri-

range of applications of such a polymer. Traditionally, bution, morphology and the rate of precipitation can be

crushing, mechanical grinding, ball milling and precipi- controlled by temperature, pressure and the concentration

tation from solution are methods for producing powders. of polymer in solvent.

The first three ones inevitably change the property of Both PET and C@ are soluble in phenol, and the

materials. The last one is carried out on the basis of the dissolved CQ affects the solubility of PET in phenol.

application of an anti-solvent to decrease the solubility of Thus it is expected that G@an be used as an anti-solvent

a material that is dissolved in solution, in which we must to produce PET powder by GAS process. Our goals are,

separate the product and the solution of solvent/anti-solventfirst, to understand the phase behavior of the RET

that is always very difficult and expensive. phenol+ anti-solvent ternary system and, second, to
Using a gas or a supercritical fluid as a gas anti-solvent generate PET powders by GAS precipitation, relating their

(GAS) in polymer solutions has been studied by different morphology to operating conditions.

authors [1-14]. The GAS process is based on the obser-

vation that the dissolution of a supercritical fluid in a liquid

solvent is frequently accompanied by large expansion of the 2. Experimental

liquid phase. This causes the solution power of the solvent _

to reduce significantly and dissolved solute to precipitate. 2-1. Materials

Therefore a major advantage of GAS over those based on | )
Air-quenched, melt-extruded PET granular supplied by

*Corresponding author. Tel+86-010-6256-2821; fax 86-010-6255-  BeiiNg Yanshan Petro-chemical Co. had an intrinsic
9373 viscosity [n] = 0.67 in GHsOH/CCI, solution (1:1 by
E-mail addresshanbx@pplas.icas.ac.cn (B. Han). volume) at 48C. Phenol (A.R. grade) produced by Beijing

0032-3861/00/$ - see front matt€r 2000 Elsevier Science Ltd. All rights reserved.
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Fig. 1. High-pressure phase equilibrium system. (1) gas cylinder, (2) high
pressure pump, (3) solenoid circulation pump, (4) vapor sample bomb, (5)
optical cell, (6) liquid sample bomb, (7) constant temperature air bath, (8)
pressure gauge, V1-V12 valves.

Chemical Factory, and purified in our laboratory by distil-
lation was selected because of its high affinity to both PET
and carbon dioxide. The purity of G@vas 99.9% supplied
by Beijing Analytical Instrument Factory. Ethanol (A.R.
grade) was produced by Beijing Chemical Factory with
purity of 99.5%. The original concentrations of the polymer
solution were 5 and 10 wt%.
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Fig. 2. Schematic diagram of the apparatus for precipitation of PET. (1)
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2.2. Apparatus and procedures for phase behavior
measurements

The experimental apparatus is shown schematically in
Fig. 1. It consisted mainly of a gas cylinder (1), syringe
pump (2), solenoid circulation pump (3), vapor sample
bomb (4), optical cell (5), liquid sample bomb (6), constant
temperature air bath (7), pressure gauge (8), and valves
(V1-V12). All the metallic parts in contact with the studied
materials were made of stainless steel. The optical cell (5)
and the sample bombs were placed in an air bath and a
solenoid circulation pump (3) was installed to circulate
the vapor phase. The temperature of the convective air
bath (7) was controlled by a main and a secondary controller.
The fluctuation of the temperature in the air bath was less
than +0.1 K and the accuracy of the temperature measure-
ment was within+0.1 K by a platinum resistance ther-
mometer (Beijing Chaoyang Automatic Instrument Factory,
Model XMT). The fluid was pressurized using a syringe
pump (2) (Beijing Xiantong Scientific Instruments Co.,
Model SCF-8000). The accuracy of the pressure gauge (8),
which was composed of a transducer (IC Sensors Co., Model
93) and a indicator, was0.05 MPa in the pressure range of
0-20 MPa. A Mettler PM1200 balance with a sensitivity of
0.001 g was used for weight determination.

The system was washed thoroughly using different
solvents and dried under vacuum. The PET solution
(5 wt%) was charged into the optical cell. The air in the
system was removed by vacuum. After the system had
reached thermal equilibrium, G®vas compressed into the
system until desired pressure was reached. The solenoid-
operated circulation pump (3) was started to circulate the
vapor phase which flowed alternatively through the vapor
sample bomb (4) and the liquid sample bomb (6). Experi-
ments showed that equilibrium could be reached in 6 h. In
each experiment the equilibration time was at least 8 h.
After equilibrium was reached, valve V12 was closed, and
the precipitated PET was allowed to deposit at the bottom of
the optical cell (5). Valves V3 and V12 was opened when
the solution was completely clear. Some of the liquid solu-
tion in the optical cell began to flow into the liquid sample
bomb (6), which was known by the falling of the liquid level
in the optical cell (5). When the sample bomb (6) was full,
and the liquid level in the optical cell (5) was unchanged
with time, valves V4-V12 were closed. The vapor sample
bomb and liquid sample bomb were removed and weighted
for composition analysis. After the experiment, the pressure
inside the cell was changed to the next value at the constant
temperature by syringe pump.

The vapor sample bomb (4) was refrigerated-20°C for
several hours. Most of the G@n the bomb was liquefied
after this procedure. The needle valve (5) at the end of the
sample bomb was opened to release the DGhe sample
bomb slowly. After this process was finished, the needle

CO, cylinder, (2) syringe pump, (3) preheater, (4) pressure gauge, (5) water Valveé was closed. The quantity of the phenol was

bath, (6) high pressure cell, (7) filter, (8) needle valve, (9) separator.

determined by the gravimetric method.
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Fig. 3. Mole fraction of CQ(Xy) in the liquid phase.

The amount of C@in the liquid sample bomb (6) was
determined by the PVT method [15]. The PET and phenol in
the sample was washed into a beaker using ethanol, and the
the ethanol and phenol was removed in a vacuum oven at.
12C0°C. The weight of PET in the beaker was known by
weighing. The amount of phenol in the liquid sample was
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The liquid was released slowly from the bottom of the cell
through the filter. Additional carbon dioxide was injected
from the top of the cell to compensate for pressure drop due
to the draining. The dry PET powders were obtained after
this procedure, and the morphology and the dimension of
the precipitated PET were examined by scanning electron
microscopy (SEM; Hitachi, s-530).

3. Results and discussion
3.1. Phase behavior

At the equilibrium conditions of this work there are three
phases in the system—uvapor phase, liquid phase and PET
solid phase.

There are only C® and phenol in the vapor phase

$ecause PET is not soluble in supercritical LThe mole
:

action of phenol increases from 0.003 to 0.03 as pressure is
increased from 7 to 17 MPa.

easily calculated on the basis of total weight of the liquid 3:1-1. Mole fraction of C@in the liquid phase

phase sample, the weight of g@nd the weight of PET.

2.3. Apparatus and procedures of GAS process

Fig. 3 shows the effect of temperature and pressure on the
mole fraction of CQ in the liquid phaseX;). X; increases
with pressure and decreases with temperature, as can be
seen from Fig. 3.

The experimental apparatus for the GAS process is showng_l_z_ Density of the liquid phase

schematically in Fig. 2. It was mainly composed of a gas

cylinder (1), a syringe pump (2), a preheater (3), a pressure
gauge (4), a constant temperature water bath (5), a high'that dt
pressure cell of 30 ml (6), a filter of Oi2m (7), and valves

and fittings.

In a typical experiment, 10 ml solution was put in the
high pressure cell (6). The GQvas charged into the cell
from the top of the cell until the desired pressure was

Fig. 4 illustrates the dependence of liquid phase density
(d“) on temperature and pressure. It is interesting to notice
increases with pressure at pressures below 10 MPa,
but decreases with pressure at pressures above 10 MPa at
318.15 Kand 11 MPa at 326.15 K. The main reason may be
that some of the COmolecules dissolved form a hydrogen
bond with phenol because phenol is a Lewis acid andi€O
a Lewis base [16]. The distance between molecules should

reached. The stirrer in the cell was started. The dissolution be reduced when the hydrogen bond is formed. Therefore,

of the carbon dioxide in the liquid phase causes the expan-
sion of the solution and polymer nucleation [2]. After a

the hydrogen-bonded GQs favorable to increasing the
density, and the free one results in decreasing of the density.

suffici_ent guantity of polymer was precipitated (about 1 h), The percentage of GOnolecules that form the hydrogen
the stirrer was stopped and the needle valve (8) was openedbond should decrease with the concentration of @Qhe
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Fig. 4. Dependence of liquid densitg'j on temperature and pressure.
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liquid phase. The solubility of CQin the liquid phase is
lower at lower pressures, as shown in Fig. 3. The percentage
of the CQ forming hydrogen bond is higher at lower
pressures, and density increases with pressure. At higher
pressures, the percentage of Q@at forms the hydrogen
bond is smaller because the solubility is high, and so the
density decreases with pressure.

3.1.3. Volume expansion of solution
In this paper, the volume expansion coefficiem} 6f the
PET—phenol solution is defined by the following equation:

a = (V - VO)NO (1)

where V, and V, respectively, are the volumes of 1 g of
PET—phenol solution before and after dissolution of, GO
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Fig. 5. Dependence of volume expansion coefficientdn temperature and
pressure.

can be easily calculated on the basis of the volume of the
liquid sample bomb (6), the weight of the PET and the
phenol in the liquid sample, and the density of the PET—
phenol solution (C@free) at the experimental temperature
and concentration, which was determined in this work by
the gravimetric method.

Fig. 5 shows the dependence @fon temperature and
pressure.« increases slowly with pressure at the lower Fig. 7. (a) SEM micrograph of PET powders by £@om 5wt%
pressures, but increases rapidly with pressure when pressur&ET solution at 318.15K and 14.5MPa; (b) Sample (a) at a higher
is higher than about 10 MPa at 318.15 K and 11 MPa at Magnfication.

326.15 K. This is easy to understand considering the results
shown in Figs. 3 and 4.

for generating PET powders. It is interesting to notice that a
minimum can be observed in eaClgr (Wt%) vs pressure
curve. This is understandable considering the fact @at
3.1.4. Concentration of PET in the liquid phase is expressed on the G@ree basis, as can be known from

In this work, the concentration of PET{g) in the liquid
phase (wt% of PET) is defined on G®ee basis

Cpet (Wt%) = Woer/(Wper + W) (2

where Wper and W stand for the weight of PET and the
weight of phenol in the liquid sample, respectively.

Fig. 6 illustrates the dependence Gker (Wt%) on
pressure at 318.15 and 326.15 K. The figure shows clearly
that the solubility of PET is reduced by the dissolution of
CO,. Thus phenol and C{ran be used in the GAS process
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Fig. 8. (&) SEM micrograph of PET powders by £@om 5wt%
Fig. 6. Dependence of concentration of PEJ;) on temperature and PET solution at 326.15K and 14.5 MPa; (b) Sample (a) at a higher
pressure. magnification.
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£y increasing of temperature. Larger powder size may result
from the accelerated movement of molecules in the solution
at higher temperature.

3.2.2. Effect of pressure

The effect of the pressure on the powder structure was
studied at a constant temperature of 326.15 K. Figs. 8 and 9
show SEM micrographs of PET powders precipitated at 7.0,
8.5, 11 and 14.5 MPa. Benedetti et al. and Schmidt et al.
reported that the pressure did not seem to have much effect
on the properties of the products for other polymers [17,18].
Figs. 8 and 9 indicate that the PET powder size decreases
when the operating pressure is increased. The smallest
micropowders were made at 14.5 MPa and have a relatively
good distribution (Fig. 8). The microstructure has the
appearance of a flake and the polymer arranges loosely
not being coalesced into larger powders. At a constant
temperature, the powder size increases considerably as the
pressure is decreased to 11 MPa (Fig. 9c). This trend
becomes even more evident when the pressure is decreased
to 7.0 MPa (Fig. 9a), in which the powders are agglomerated
and the microstructure has a cobweb-like appearance. It is
likely that the tendency for the PET micropowders to
flocculate is increased with the decrease of pressure. From
the experiments, we found that pressure is an important
variable for controlling morphology and the mechanism
for powder formation is very complicated. However, this
effect may be explained from three facts. First, at higher
pressure, the diffusion in both directions of SC Q®solu-
tion and phenol to SC CQOis higher relative to a lower
pressure [1], and thus nucleation is rapid. The formation
of many nuclei favors the production of a larger number
of very small micropowders. In addition, the rapid drying
Fig. 9. SEM micrographs of PET powders by £fédm 5 wt% PET solution of m!crOpOWder due to rapid diffusion _Of phenol OUt. of
at 326.15 K: (a) 7.0 MPa; (b) 8.5 MPa: (c) 11 MPa. solution helps to prevent the coarsening of the micro-

powders during solidification. Second, the larger volume

Eqg. (1). It should be pointed out that the volume concen- expansion of the solution at higher pressure is favorable
tration of PET in phenol/C@decreases monotonously with  for the formation of nonconnected powders because the

increasing pressure. solution contains more COIf the expansion is not suffi-
cient, more phenol exists between the powders and longer
3.2. Morphology study drying time is required, which may result in connected

powders. The same happened at intermediate expansion
The results ShOWﬂ in F|gS 3-6 a”OW us to SeleCt Suitable Va|ue5, and the powders are connected |Oose|y_ Th"'d’
operating conditions for the GAS process. In this work, when the operating pressure is increased, the ©Mibility
experiments were performed at 7.0, 8.5, 11.0, 14.5 MPa, i the solution increased, as shown in Fig. 3, and then the
and at 318.15 and 326.15K for solutions of different hjgher supersaturation concentration of PET is reached.
concentrations to produce PET powders. Figs. 7-10 showThys a violent nucleation occurs and a lot of smaller PET

the SEM micrographs of the products. powders are formed. To sum up, the higher pressure will be
suitable for preparing smaller powders and the reasonable
3.2.1. Effect of temperature operation pressure can be determined according to the

To examine the effect of temperature on polymer required size.
morphology, experiments were performed at constant
pressure. Figs. 7 and 8 show SEM micrographs of PET 3.2.3. Effect of concentration
powders precipitated in the GAS process at 14.5 MPa and The concentration of PET solution is an another impor-
at 318.15 and 326.15 K by adding SC £0 5 wt% PET tant variable for controlling morphology. The previous
solution. The results show an increment of powder size with results have been for 5 wt% PET in phenol. Increasing the
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Fig. 10. (a) SEM micrograph of PET fibers by €®om 10 wt% PET
solution at 326.15 K and 14.5 MPa; (b) Cross-section of sample (a).

concentration to 10 wt% leads to hollow fiber formation, as
shown in Fig. 10. The fibers in Fig. 10 are not uniform. To

obtain a photograph of the fiber cross-section, a fiber was [4] Dixon
immersed in liquid nitrogen, removed, and immediately cut
with a new razor blade. It was attached to a SEM stage, and [5] Suresh ~ SJ,
the result indicates that the fibers are hollow with skin on the
surface. The main reason for the fiber formation appears to

D. Li et al. / Polymer 41 (2000) 57075712

conventional liquid anti-solvent. The phase behavior for
the CQ + phenol+ PET ternary system was measured
and used to explain the morphology formed in the GAS
process. The experimental investigations in this study
have led to following conclusions:

e The GAS process can be used to produce PET powder.

¢ We have investigated the phase behavior, which can be
used to determine the operating conditions.

e The morphology of PET powder could be varied by
temperature, pressure and solution concentration. The
reasonable conditions can be determined by the required
powder size.
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