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The precipitation of polymers via the rapid expansion of a supercritical chloro-
difluoromethane solution to ambient conditions across a fine diameter capillary has
been studied experimentally. The morphology of the polymers precipitated—poly-
caprolactone, poly (methyl methacrylate) and a styrene/methyl methacrylate block
copolymer—is influenced strongly by conditions of the expansion process. Condi-
tions of high temperature, high polymer concentration, low pressure or low capillary
L/D ratio enhance the formation of high aspect ratio fibers, while opposite conditions
Javor the formation of spherical particles of micron size. Each of the conditions
JSavoring fiber formation favors precipitation farther upstream in the expansion
process. Based on one-dimensional compressible flow calculations using a virial
equation of state for pure solvent, it is proposed that fiber formation occurs when
a polymer-rich phase is rejected from solution in the entry region to the capillary.
The location of precipitation is shown to be crucial in determining the characteristic

time scale for the density reduction process, which may be as small as 1077 s.

Introduction

The rapid expansion of supercritical fluid solutions (RESS)
is a relatively new process in which an organic or inorganic
solute is precipitated into the sold state upon expansion of a
dilute solution in a supercritical or near-critical solvent (Matson
et al., 1987a). The expansion step in RESS occurs through a
throttling device, such as a valve (Chang and Randolph, 1989),
capillary (Petersen et al.,1986), or orifice (Mohamed et al.,
1989), which supports a large pressure drop. During expansion,
the solvent density decreases considerably, causing solute to
be rejected from the solution due to low solubility at gas-like
solvent density. The RESS process has been used to produce
a variety of precipitate morphologies, such as thin films, fine
diameter fibers, or narrow size distribution particles. The prod-
uct morphology, however, can vary considerably depending
on the choice of solution components and operating conditions
used in the process (Matson et al., 1986a,b, 1987b; Petersen
et al., 1987; Brand and Miller, 1988). RESS has potential
commercial application for producing thin-film coatings (Siev-
ers and Hansen, 1990), ceramic nanoparticles (Matson and
Smith, 1989), and drug delivery microspheres (Tom and De-
benedetti, 1991), so it is desirable to develop an understanding
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of the relationship between the RESS process and the mor-
phology of the product.

However, an understanding of RESS process effects on mor-
phology is still in its infancy. Thin films are believed to result
from suppressed condensation, as a ‘“‘molecular spray’’ im-
pinges on a substrate (Matson et al., 1987b) or by reaction at
a surface (Sievers and Hansen, 1990). Uniform-sized spheres
may result from homogeneous nucleation in the highly super-
saturated expanding solution (Matson et al., 1987a; Debene-
detti, 1990). For polymeric solutes, which are the focus of the
present work, RESS operating conditions can dramatically
influence the morphology of the precipitate. At fixed solute
concentration and pre-expansion pressure, Smith and co-
workers observed that fibers were produced when the pre-
expansion temperature was near the polymer melting point,
and spherical particles were produced otherwise (Petersen et
al.,1987). They postulated that fibers result from the entrain-
ment of molten polymer droplets in the high-velocity gas stream.

Recently, Debenedetti (1990) examined theoretically the pro-
duction of uniform particles from the RESS process by con-
sidering homogeneous nucleation in a highly supersaturated
solution. In his treatment, however, the thermodynamic path
along which changes in state variables occur during expansion
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Table 1. Polymers Precipitated from Chlorodiftuoromethane

Polymer MwW* T,.°C) T,*(°C)
Poly(methyl methacrylate) 50,000 126** —_—
Isotactic poly(methyl 310,000 38" 156"
methacrylate)
Polycaprolactone 14,000 -60" 60
Polystyrene/poly(methyl 15,000 (S) 104**(S) —
methacrylate) block copolymer 15,000 (M) 126™*(M) —
Polyethylene succinate 11,000 -1* 108
Poly(hydroxybutyrate 670,000 155
valerate)

Pressure

Release
® Valve
Extraction
Column T

Pre-Heater E%ae'(ed Vent

Pump ¥
Oven Nozzle
Precipitation

*Reported by supplier.
**Measured in our laboratories.
TAfter annealing at 90°C for 72 h.

was idealized (for example, isentropic, isenthalpic or isother-
mal) rather than specified by formulating the compressible flow
problem. An understanding of the fluid dynamics of the ex-
pansion process is essential to a full description of RESS,
because the changes in state variables, especially density, ex-
perienced by a fluid element during the expansion cause pre-
cipitation of the solute. RESS dynamics are also necessary to
define the characteristic time for the process, which has been
estimated at 10~° s based on residence time in the capillary
(Mohamed et al., 1989; Smith et al., 1986). Furthermore, the
production of fibrous and elongated precipitate morphologies
(Matson et al., 1987a) under some RESS conditions suggests
that deformation resulting from the flow field might directly
influence product morphology.

In this work, we present experimental observations of the
morphology of polymers precipitated from chlorodifluoro-
methane solvent via RESS. Changes in pressure, capillary
L/D ratio, and polymer dissolution temperature (concentra-
tion), in addition to the temperature effect already reported
(Petersen et al., 1987; Matson et al., 1987a), cause a variation
of the precipitate morphology between fibers and spheres. To
explain these observations, we model flow in the RESS ap-
paratus as a one-dimensional adiabatic expansion using a real
fluid equation of state for pure solvent and demonstrate that
fibers are produced when the predicted fluid density at the
entrance to the throttling capillary falls below that required
for polymer solubility. In an apparatus such as the one we use
experimentally, the characteristic time for precipitation may
range over several orders of magnitude, depending on the
solubility-density relationship for the solution. The most rapid
characteristic times could be achieved in a potential commercial
process at the expense of increased solvent recompression costs.

Experimental Methods
Materials

Two classes of polymer solutes were examined in this study:
semicrystalline aliphatic polyesters, especially polycaprolac-
tone (PCL), and methacrylate-containing polymers, especially
amorphous poly(methyl methacrylate) (PMMA), and a sty-
rene/methyl methacrylate block copolymer, (SMAC). Table 1
lists the polymers studied, along with the molecular weights,
and glass transition (7,) and melting (7T,,) temperatures. The
PMMA and the SMAC were supplied by the Procter & Gamble
Company. Each of these polymers was synthesized by anionic
polymerization and had a polydispersity index of less than 1.1.
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Figure 1. Experimental equipment.

This PMMA has a higher content of syndiotacticity, and there-
fore a higher T, (126°C) than conventional PMMA prepared
by free radical polymerization (108°C). Secondary standard
polycaprolactone was purchased from Scientific Polymer
Products and had M,, of 14,600 and M, of 9,300. Polyethylene
succinate and isotactic poly(methyl methacrylate) were pur-
chased from Scientific Polymer Products, and poly-
(hydroxybutyrate valerate) was purchased from Aldrich; these
were used without further purification.

As none of the polymers was found to be soluble in carbon
dioxide, the solvent used in all our experiments was chloro-
difluoromethane (CDFM, DuPont Freon 22), which has a crit-
ical temperature of 96°C and a critical pressure of 49.34 atm
(Altunin, 1987). The hydrogen atom in this hydrochlorofluo-
rocarbon is capable of interacting with the ester linkage in the
polymer chains, causing solubilization of the polymers
(Meilchen et al., 1991).

Equipment

The experimental RESS apparatus is shown in Figure 1. The
system is similar to that used by Mohamed et al. (1989). CDFM
solvent is filtered and then pressurized by a minipump set at
the flow rate required to produce the desired pressure. It passes
through a preheater and an extraction column that are enclosed
in an oven for temperature control. The preheater consists of
coiled stainless-steel tubing, while the extraction column is a
stainless-steel pipe. For each experimental run, the column is
charged with about 0.1 g of polymer. A glass wool plug is
packed at the outlet to prevent any physical entrainment. As
the solvent passes through the column, the polymer is dissolved
in it, Because of the low mass-transfer coefficients for dis-
solving high-molecular-weight polymers and the fairly high
flow rates needed to maintain pressure in our RESS apparatus,
the solvent was not saturated with polymer after passing
through the extraction column, and concentration could not
be precisely controlled independent of the system pressure. A
rough means of varying polymer concentration was established
by adjusting the temperature of the oven containing the ex-
traction column. Because the polymers studied had greater
solubility in CDFM at lower temperatures, the rate of mass
transfer to the stream (and hence polymer concentration) could
be enhanced by lowering the oven temperature.

After the dissolution step, the solution is heated if necessary
and maintained at the desired pre-expansion temperature as it
passes through a length of tubing (2.77 mm id) wrapped with
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Figure 2. Detectable solubility of polymers in chloro-
difluoromethane.

200

heating tapes. Pre-expansion conditions are always set such
that precipitation is avoided inside the tubing, as evidenced by
the absence of polymer deposition in the tubing. Precipitation
of the polymer occurs when the solution is throttled across a
fine-diameter orifice, either 30 or 50 um in diameter, which
was laser-drilled in a stainless-steel plate 0.254 mm thick. Thus,
the L/D ratio of the orifice used in these studies is either 8.47
or 5.08. The orifice plate sits in a stainless-steel cap threaded
onto the heated tubing. The orifice is examined under a mi-
croscope before and after each experiment to ensure that it is
not clogged with minute particles. Operating pressure is meas-
ured by a pressure gauge before the preheater, while three
thermocouples measure the temperatures in the oven (disso-
lution temperature) in the heated line and at a point just before
the orifice (pre-expansion temperature), as shown in Figure 1.
Precipitation to ambient conditions is performed inside a metal
enclosure located in a fume hood; the precipitate is collected
on a suitable substrate such as a microscope slide, and the
gaseous solvent can be condensed to be recycled.

The mass-flow rate of pure solvent across the expansion
orifice was also measured as a function of upstream pressure.
In these experiments, the extraction column was removed, and
a wet test meter was used downstream of the orifice to measure
the volumetric flow rate of the expanded solvent.

Characterization

Characterization of the precipitate morphology was done by
optical microscopy with a Nikon Optiphot-2 microscope by
scanning electron microscopy (Phillips 501) for size measure-
ment and by differential scanning calorimetry (DuPont
DSC9900) at a heating rate of 20°C/min. Molecular weights
were determined by gel permeation chromatography (Hewlett
Packard HP 1090) using polystyrene standards.

Experimental Results
Polymer solubility

Because of mass-transfer limitations on polymer dissolution
in our RESS apparatus, quantitative solubilities of polymers
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in CDFM could not be determined from flow experiments in
this equipment. However, as a screening technique, we were
able to establish whether a polymer exhibited appreciable sol-
ubility in CDFM by noting whether or not detectable (milli-
gram) quantities of polymer precipitate could be recovered
from the expansion. The solubility was further substantiated
by qualitatively examining the polymer, if any, remaining in
the extraction column after an experimental run. Molecular
weights of the precipitated polymers were the same as those
of the starting material, as determined by GPC. Figure 2 shows
the range of detectable solubility of PCL, PMMA and SMAC
as a function of dissolution temperature and pressure. For
these polymers, solubility is enhanced at conditions of higher
solvent density: increased pressure or decreased temperature.
The lines in the figures represent predictions of constant density
from the virial equation of state of Altunin (1987). For a solvent
density of 930 kg/m® or higher, the polymers were found sol-
uble in CDFM, while none of the polymers in Table 1 was
found to be soluble at a CDFM density below 880 kg/m’. (At
its normal boiling point, the density of liquid CDFM is 1,410
kg/m?). The conditions required for minimum detectable sol-
ubility are remarkably similar for the polymers studied, prob-
ably because of the similarity of the polymer solubility
parameters. However, the amount of polymer collected under
identical conditions varied among the polymers in the order
PCL>PMMA >SMAC.

Morphology of precipitated polymers

Figure 3 shows optical photomicrographs of polycaprolac-
tone precipitate obtained from an initial pressure of 13.8 MPa.
The precipitate in Figure 3a, obtained from a 90°C pre-ex-
pansion temperature and a S0-um orifice, occurs as approxi-
mately spherical particles 1 to 5 um in diameter, which
occasionally agglomerate into larger aggregates. The precipi-
tate in Figure 3b, obtained from a 110°C pre-expansion tem-
perature and a 50 um orifice, occurs predominantly as 2- to
7-um-diameter fibers, although particles were always found to
accompany the fibers. If the precipitate density is assumed to
be that of the starting material, then the observed fiber di-
ameters are at least a factor of 5 larger than those that would
result from continuous extrusion of the solution. These fibers
extinguish light between crossed polarizers when the polarizer
or analyzer has its optical axis parallel to the fiber axis. This
demonstrates that the PCL crystallites in the fibers are highly
oriented, probably due to a high extension rate in the RESS
apparatus. For a pre-expansion temperature of 145°C and a
50-pm orifice, the recovered precipitate (Figure 3c) has a spher-
ulitic morphology typical of melt-crystallized polycaprolac-
tone, because at this elevated temperature, cooling due to
solution expansion is insufficient to lower the post-expansion
temperature below the polymer melting point (60°C). The
precipitate shown in Figure 3d was obtained from a 110°C
pre-expansion temperature and a 30-um orifice. It shows a
morphology that might be described as elongated particles and
apparently represents a state intermediate between fibers and
powder. Except for the morphologies in Figures 3c and 3d, all
other polymers examined showed morphologies similar to the
fibers and powders in Figures 3a and 3b.

Table 2 summarizes the morphologies of PMMA, SMAC
and PCL precipitated from CDFM under conditions where
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Figure 3. Optical photomicrographs of polycaprolactone precipitated from CDFM at 13.8 MPa.
(a) 90° C initial temperature, 50-um capillary;
(b) 110°C initial temperature, 50-um capillary;
(c) 145°C initial temperature, 50 pm-capillary;
(d) 110°C initial temperature, 30-um capillary.

four variables were adjusted: upstream pressure, pre-expansion
temperature, dissolution temperature (inversely related to pol-
ymer concentration), and the diameter of the capillary. The
effect of changes in each of these variables on the precipitate
morphology is the same qualitatively for all the polymers stud-
ied.

As observed by Petersen et al. (1987), we note that an in-
crease in pre-expansion temperature, under certain experi-
mental conditions, can lead to a transition from powder
morphology to fibrous morphology (for example, SMAC at
17.2 MPa; 110°C vs. 130°C). The occurrence of fibers, how-
ever, is clearly unrelated to any solid polymer ‘‘melting’’ phe-
nomenon, as Petersen et al. postulated, because fibers of
PMMA were produced at pre-expansion temperatures as low
as 110°C, even though amorphous PMMA has no melting
point, and the 7, of the neat PMMA used in these experiments
was 126°C. Besides an increase in temperature, a decrease in
pressure also results in the powder-to-fiber morphology tran-
sition, as can be seen from the series of pressure runs conducted

AIChE Journal May 1992

for each polymer. This combination of pressure and temper-
ature effects suggest that solutions with lower density are more
likely to produce fibers from the RESS process. Solution con-
centration also affects precipitate morphology. For identical
pressure (10.7 MPa) and pre-expansion temperature (110°C),
PMMA expanded across a 50-um orifice produces fibers at a
dissolution temperature of 70°C, but powder at a dissolution
temperature of 100°C.

In addition to the thermodynamic variables of pressure,
temperature and concentration, a process design variable,
namely the diameter of the expansion capillary (or L/D ratio,
since L was fixed), was also found to influence the morphology
of the polymer precipitate. For example, PMMA precipitated
across a 50-um orifice at 10.7 MPa and a pre-expansion tem-
perature of 110°C produces a powder precipitate, while fibers
are produced under the same conditions with a 30-um orifice.
This dependence of product morphology on apparatus ge-
ometry indicates that the fluid mechanics of the process is
important, at least insofar as the gross (fiber vs. powder) mor-
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Table 2. Morphology of RESS-Precipitated Polymers

Case Pres. Orifice Toven Tyreexo Morphology
No. MPa wm °C °
Poly(methyl methacrylate)

1 8.27 30 100 110 Fiber

2 11.0 30 100 110 Fiber

3 13.8 30 100 110 Fiber

4 17.2 30 100 110 Powder

S 20.7 30 100 110 Powder

6 17.2 30 70 130 Fiber

7 10.7 50 70 110 Fiber

8 10.7 50 100 110 Powder

9 10.7 50 100 130 Fiber
Polystyrene/poly (methyl methacrylate) block copolymer

10 13.8 30 75 110 Fiber

11 20.7 30 75 110 Powder

12 27.6 30 75 110 Powder

13 17.2 30 100 110 Powder

14 17.2 30 100 130 Fiber

15 10.7 50 75 110 Fiber
Polycaprolactone

16 13.8 30 100 110 Elongated

17 17.2 30 100 110 Powder

18 20.7 30 100 110 Powder

19 13.8 50 90 90 Powder

20 13.8 50 100 110 Fiber

21 13.8 50 100 145 Spherulitic

phology of the product is concerned. This importance is further
underscored by the observation of a high axial orientation in
the fibers produced. Hence, in the following sections, we de-
velop the fluid dynamics of the expansion of the supercritical
fluid across the orifice and interpret the experimental obser-
vations of morphology in light of these dynamics.

Compressible Flow Dynamics of RESS

Figure 4 shows a schematic of the RESS process. A dilute
solution at some initial pressure and temperature (P,, T;) ex-
pands adiabatically across a capillary nozzle and into a super-
sonic free jet issuing from the capillary end. Frictional
interaction with background gases eventually causes deceler-
ation of the jet in a compression shock front. It is important
to note that fluid expansion takes place throughout the RESS
process. First, acceleration of the subsonic flow in the entrance
region to the capillary causes a drop in solvent density. Next,
frictional losses (Fanno flow) inside the capillary nozzle further
expand the fluid so that sonic conditions are reached at the
capillary exit and the flow is choked. Finally, the fluid is

expanded further in the supersonic flow occurring in the free
jet region upstream of the shock. Depending on the solubility
characteristics of the solution, solute segregation may occur
in any of these expansion regions.

The initial conditions in the RESS process are such that the
fluid exists in a highly dense phase, so that the well-studied
dynamics of the adiabatic expansion of an ideal gas (Lapple,
1943; Murphy and Miller, 1984) are not directly applicable to
RESS. Here, we present real fluid calculations for the flow of
chlorodifluoromethane, the solvent used in our experimental
work, into and through a capillary. Except for the equation
of state (EOS), the assumptions used here are the same as those
for the ideal gas case. Entry region and capillary flow are
treated as adiabatic, one-dimensional, axially varying, steady-
state flows. The assumption of a one-dimensional flow pre-
cludes monitoring local conditions upstream in the large di-
ameter tube or reservoir, but nevertheless allows calculation
of overall drops in pressure, temperature, and density due to
the entry region. Capillary flow is modeled as adiabatic, but
not isentropic since friction causes an entropy increase.

The set of governing equations in the capillary is as follows:
Continuity:

) /“ : Ot e ®
Upstream ST ///;———— Momentum:
onditions:
Nozzle —__freedet ., @+d_P_ _2fu2p o
Po, To & dc dx D
5 :
Shock Energy:
dh_, dp_2pip :
Figure 4. RESS process. P "axT D @
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where x is the axial coordinate, v is the axial velocity, p is
density, P is pressure, D is the capillary diameter, f is the
Fanning friction factor, and A is the specific enthalpy. When
these equations are combined with the EOS, the axial variation
in pressure, temperature, density, and velocity can be solved
for in terms of the conditions at the capillary entrance. The
state variables at the entrance of the capillary are obtained by
assuming an isentropic, adiabatic flow from the reservoir to
the entrance.

Because the polymer solutions used experimentally were ex-
tremely dilute (<300 ppm), all calculations were performed
using an EOS for pure solvent. The EOS of Altunin (1987)
was used; it expresses the compressibility factor, z, as a virial
expansion in p and 7, in the temperature range of 285 to 473
K and the pressure range of 0.3 to 35 MPa. For this EOS:

P=zpRT “@

where R is the universal gas constant, and the compressibility
factor is given by:

8 4
=1+ 3 20,5 ®)

Here, 7 is the reduced temperature, 7/7T,, and the b,’s are
constants given in the original reference.

Since the equation of state expresses the compressibility fac-
tor in terms of density and temperature, it is convenient to
express the axial variation of all other dependent variables (P,
h, u, and so on) likewise in terms of density and temperature.
Equations 6-8 were derived by combining Eqs. 1-4 using a
procedure analogous to that outlined by Thorley and Tiley
(1987). Appendix A summarizes this derivation.

Density variation:

do_ 2o M R 3z
&)l @) e

Temperature variation:
dT 2fu* RT az dp
T el 7= hutad
dx CUD+pC,,[z * <6T>de M

Velocity variation:

du udp
dx _; dx ®

where M is the local Mach number and C, is the heat capacity
at constant volume.

Equations 6-8, coupled with the equation of state Eq. 5,
were solved by a simple forward marching finite difference
scheme. The friction factor was assumed to be constant over
the length of the capillary,with a numerical value equal to that
for a perfectly smooth conduit. For the desired combination
of pre-expansion pressure and temperature, a guess was made
for the entrance temperature, which allowed estimations of
the entrance density, pressure and Mach number from the
isentropic assumption, the equation of state, and the continuity
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equation. These entry conditions were used as initial conditions
for solving Eqgs. 6-8. The capillary length was divided into 100
equal divisions, and a set of exit conditions was calculated for
the chosen pre-expansion conditions and capillary length. The
guess for the entrance temperature was checked by comparing
the calculated exit conditions with those of choked flow. If
the initial guess did not yield a calculated exit Mach number
of unity (within 0.7%), a new entry temperature was assumed
and the above procedure was repeated in its entirety.

During expansion, a real solvent may enter its two-phase
region if P, T, and p drop below the critical values. In this
case, we adopt the homogeneous equilibrium flow model
(Starkman et al., 1964; Grolmes and Leung, 1984): we assume
that when the solvent expands into the two-phase region, ther-
modynamic and mechanical equilibrium exists between the
phases at all times. For these calculations, reliable saturation
line information, that is, the vapor pressure, liquid density
and gas density as a function of the fluid temperature, is
required. The vapor pressure and liquid density functions were
given by Altunin (1987), while we approximated the gas den-
sity, p,, along the saturation line by an analogous equation:

4
o1+ D 11" ©)

Pe =

The ¢;’s were obtained by curve-fitting Altunin’s experimental
data with a nonlinear regression subroutine (IMSL, ZXSSQ),
and are shown in Appendix B.

Inside the two-phase region of the solvent, the equation of
state (Eq. 5) does not predict the thermodynamic properties
accurately. Hence, when the solvent enters this region during
expansion, Egs. 6-8 cannot be used. In this case, we adopt a
procedure suggested by Leung and Grolmes (1987); it is out-
lined briefly here.

The integrated forms of Eqgs. 1-3 can be written as:

G=up 10
GZ
h0=h(T,p)+2—p2 (11
D {pdP d
dx= —Ej(pG—z—’—pB) (12)

where G is the mass flux. Any condition of local choking should

satisfy:
dP
G= — 13
0 / & (13)

Substituting Eq. 13 into Eq. 12 shows that for local choking
dx = 0. The calculation of conditions at the entrance to the
capillary is the same as mentioned before. Equation 11 is then
solved to give the fraction of the liquid phase formed during
expansion.

As a check on the validity of the above procedure, the results
of the calculations were used to predict the choked mass flux
and the thermodynamic state of the solvent. Figure 5 shows a
plot of measured and predicted choked mass flux vs. pre-
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Figure 5. Choked mass flux of chlorodifluoromethane
vs. initial pressure.

Pre-expansion temperature = 110°C; orifice ID = 30 um; L/D
= 8.47.

expansion (stagnation) pressure for a stagnation temperature
of 110°C; Figure 6 shows a similar plot for T,=195°C. A 30-
um orifice with an aspect ratio of 8.47 was used in both ex-
periments and calculations. For a given solvent flow rate (as
maintained by the liquid minipump), the application of a me-
chanical vacuum across the orifice did not lower the upstream
pressure. This demonstrated that as expected, due to the high
ratio of upstream to ambient (expansion) pressure, the flow
was choked and the solvent flow rate was the maximum pos-
sible for the given upstream temperature and pressure. For the
dilute polymer solutions used in the precipitation experi-
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Figure 6. Choked mass flux of chlorodifluoromethane

vs. initial pressure.

Pre-expansion temperature = 195°C; orifice ID = 30 ym; L/D
= 8.47.
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Figure 7. Predicted density variation for choked flow of
chlorodifluoromethane in a capillary.

Upstream conditions are 13.8 MPa, 110°C. Orifice has ID = 30
um, L/D = 8.47.

ments,the measured CDFM flow rate was the same as for the
case of pure solvent flow under the same conditions.

The real fluid equation of state predictions are seen to fit
the experimental mass-flow rate data reasonably well. In par-
ticular, the real fluid calculations provide a much better fit to
the experimental data than do ideal gas calculations, especially
at the lower temperature. All real gas conditions in Figure 5
passed through the solvent liquid-vapor envelope, while none
of those in Figure 6 did, with solvent remaining in the super-
critical state up to the capillary exit.

Perhaps the most important assumption in these calculations
is that of homogeneous equilibrium flow. This model fre-
quently underpredicts the mass flux (Hesson and Peck, 1958;
Starkman et al., 1964) of a flashing liquid or a saturated vapor
for a given set of stagnation conditions. Our calculations,
however, do not underpredict the experimental data, suggest-
ing that the homogeneous equilibrium flow model is valid.

Equations 1-5 were solved by the procedure described above
and used to calculate the local state variables and velocity in
a 30-um capillary. Figure 7 shows the variation of density along
the axial length of the capillary for stagnation conditions of
13.8 MPa and 110°C. A zone of large density reduction is seen
in the entry region. Table 3 presents values of state variables
at the entrance and exit of the capillary for capillaries of dif-
ferent aspect ratios. The frictional contribution to the total

Table 3. Effect of Capillary Aspect Ratio on Chlorodifluo-
romethane Expansion”

State Variable L/D=0 L/D=8.47 L/D=167
Entrance P (MPa) 6.54 11.9
Entrance T (°C) 95.9 107.1
Entrance p (kg/m?) 846 913

Exit P (MPa) 4.31 4.41 4.59
Exit T (°C) 88.7 89.6 91.8
Exit o (kg/m®) 801 788 750

*Pre-expansion conditions: 13.8 MPa, 110°C, 929 kg/m?
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change in density (stagnation density minus exit density) is less
for a small aspect ratio orifice, but the entry region drop in
density is significantly larger. As a result, the density ratios
00/ Pentry @NA penry/Pexiy @re functions of the capillary L/D;
Po/ Pemry decreases with increasing L/D, while peny/pex in-
creases with increasing L/D.

In the RESS process, a characteristic process time scale can
be defined as the time required for a fluid element to experience
a specified density decrease. The residence time in the capillary,
as determined by integrating the substantial derivative of the
densityin Figure 7, is 1.9 X 10~%s, during which time the density
decreases by 7%. Because the flow continually accelerates along
the centerline in all three flow regions (entrance, capillary, and
free jet), the residence time is typical of density reduction inside
the capillary, but not in the entrance or free jet regions. Because
of the supersonic flow in the free jet, the rate of density re-
duction there is more rapid. For example, using the ideal gas
calculations of Murphy and Miller (1984) we estimate that
density decreases in the free jet region by over an order of
magnitude in 4 x 1077 s. An analogous time scale cannot be
determined exactly for entry region flow, due to the one-di-
mensional flow assumption, but the characteristic time scale
for density reduction in this region would be considerably
larger than that for capillary flow, because in entry flow the
characteristic velocity is lower, while the characteristic length
scale (the reservoir diameter) is larger. For example, isentropic
flow of an ideal gas through a converging conical nozzle with
length equal to the reservoir diameter, which produces the same
density drop as the abrupt contraction in Figure 7, has a res-
idence time of 2x 107% s. Thus, if solute precipitation occurs
farther upstream in the RESS process, it will also occur at a
slower rate. Since precipitation rate can have a profound in-
fluence on precipitate morphology, the location of phase sep-
aration in RESS may be important in determining product
morphology.

The rapid (1077 s) estimate for density decrease will represent
the characteristic time for solute precipitation in RESS, if
density reduction is the rate-limiting step for solute precipi-
tation and if the initial solution density is high enough to
suppress any phase separation in the entry region or inside the
capillary. The former condition may not be met in all cases;
for example, the time lag for homogeneous solute nucleation
of phenanthrene from supercritical CO, at 318 K can range
from 107° to 107% s, depending on conditions (Debene-
detti, 1990). Satisfying the latter condition may be prohibitively
expensive in a large-scale process, since it would require that
the solution initially be ‘‘overpressurized.’’ For example, for
an ideal nozzle with no frictional losses, delaying precipitation
until the free jet region would require that the initial solution
density, p,, be about 60% higher than the minimum density
required for solubility. Hence, recompression costs to recycle
the expanded solvent would be proportionately increased.

At 0.1 MPa and 20°C, the density of CDFM is 3.60 kg/m’,
so Figure 7 clearly demonstrates (Matson et al.,1987a), that
most of the density drop in RESS occurs in the free jet region
of the expansion. This, however, does not imply that solute
precipitation during RESS will occur in the free jet region.
Rather, because of the large entry region drop in density for
short capillaries in an actual RESS process, it is possible that
precipitation of a solute from an expanding supercritical so-
lution may occur in this entry region. For large L/D ratio
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Table 4. State Predictions for Experimental Conditions

Case Entry p Entry State Exit p Exit State
No. kg/m? kg/m?
Fibers
9 595 Supercritical 511 Supercritical
1 709 Near-critical 670 Saturated Liquid
7 781 Near-critical 743 Saturated Liquid
15 781 Near-critical 743 Saturated Liquid
2 799 Liquid 750 Saturated Liquid
6 795 Supercritical 685 Supercritical
14 795 Supercritical 685 Supercritical
20 835 Liquid 791 Saturated Liquid
3 846 Liquid 788 Saturated Liquid
10 846 Liquid 788 Saturated Liquid
Elongated particles
16 846 Liquid 788 Saturated Liquid
Powder
8 781 Near-critical 743 Saturated Liquid
4 887 Liquid 820 Saturated Liquid
13 887 Liquid 820 Saturated Liquid
17 887 Liquid 820 Saturated Liquid
S 917 Liquid 844 Saturated Liquid
11 917 Liquid 844 Saturated Liquid
18 917 Liquid 844 Saturated Liquid
19 951 Liquid 928 Saturated Liquid
12 963 Liquid 880 Saturated Liguid

capillaries, most of the drop in density occurs due to frictional
flow in the capillary, so in this case, precipitation will likely
occur there. In the following discussion of our experimental
results on precipitation of polymer solutes from CDFM, we
shall relate the location of precipitation to the morphology of
the precipitate.

Discussion

The experimental conditions favoring the formation of fi-
bers—low pre-expansion pressure, high pre-expansion tem-
perature, high polymer concentration, and low capillary L/D
ratio—all cause the solubility limit of the solution to be reached
relatively early (upstream) in the RESS process. The rate of
density reduction is lower in the upstream regions of RESS
than in the downstream regions, so fibers are formed in a
relatively slower process than are powders.

To determine the likely location of phase separation in RESS,
we have performed numerical calculations for pure solvent
expansion for each of the sets of conditions run experimentally;
Table 4 summarizes these calculations. Fibers are clearly pro-
duced at conditions of lower entry (or exit) density, with pow-
der production occurring at higher densities. The sole exception
to this trend is case 8, which produced powder under conditions
with relatively low density. We have no conclusive explanation
for this reproducible discrepancy and suspect that a better
understanding of the solubility behavior of the solutions could
help to explain it, since case 8 differed from the fiber-producing
case 7 only by solution concentration.

Since our experimental solubility determinations indicate
negligible polymer concentrations in solutions with density
below about 880 kg/m?, we note that based on the predictions
in Table 4, this solubility limit is reached for fiber-forming
conditions before the solution enters the capillary, while the
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limit is reached inside the capillary for powder-forming con-
ditions. Under our experimental conditions, the solubility limit
was predicted to be achieved beyond the capillary exit only in
case 19 (where initial conditions were below the solvent critical
point), because the necessary combination of pressure and flow
rate was beyond the range of our minipump. Table 4 also
suggests that the predicted state of the solvent (supercritical,
near-critical, liquid, or two-phase) is apparently not significant
in determining the morphology of the polymer precipitate. For
the experimental conditions studied, the solvent was predicted
to enter the two-phase region very near the exit of the capillary,
which was downstream of the point where the solubility limit
was reached.

An estimation of the time scale for powder precipitation can
be made for case 12, which involved the highest pressure used
experimentally. Since solubility experiments indicate measur-
able solubility above 930 kg/m® and negligible solubility below
880 kg/m’, a reasonable estimate for the precipitation time
scale would be the time required for a fluid element to traverse
this solvent density range. In case 12, this entire density range
occurs inside the capillary, where our calculations are appli-
cable; we predict that density is lowered from 930 to 880
kg/m’ in 6.1x 1077 5. Other experimental cases would have
longer time scales, but we cannot estimate them from our 1-D
flow model.

Low-molecular-weight solutes generally precipitate out of
solution by a process of nucleation and growth, whereby the
growing precipitate phase consists of pure solute. Polymers,
especially amorphous polymers, undergo phase separation by
a liquid-liquid process (Flory, 1953), whereby both the solution
and precipitate phases contain both solvent and polymer. Even
if the precipitate phase contains a relatively small amount of
solvent, it may exhibit a dramatically depressed glass transition
temperature. This plasticization effect has also been observed
for SCF solvents (Wissinger and Paulaitis, 1987).

The occurrence of a highly oriented, fibrous precipitate un-
der process conditions below the normal polymer 7, can be
explained by fluid-fluid phase separation. The polymer-rich
precipitate phase contains sufficient solvent so that it is plas-
ticized and deformable under the local process conditions. The
polymer becomes stretched in the axial direction due to the
large extensional component of deformation in that direction,
resulting from the fluid expansion. Equilibrium between pol-
ymers and CDFM under ambient conditions (at which CDFM
exists as a gas) dictates that there be practically no solvent in
the polymer phase as collected. Therefore, as the fluid expands
further in RESS (beyond the point of initial phase separation),
solvent is removed completely from the polymer-rich phase,
leaving a dry precipitate. Differential scanning calorimetry
data on precipitates support this, because no T, depression is
observed in the precipitate. The fluid-fluid phase separation
hypothesis also suggests a plausible explanation for the oc-
currence of powder precipitate along with fiber precipitate.
Powder may form downstream of the fiber formation point
when polymer precipitates from the solvent-rich phase formed
during the fluid-fluid-phase separation or may develop as a
result of fiber breakup later in the RESS process.

Because the mechanism of polymer solution phase separa-
tion, either nucleation and growth (NG) or spinodal decom-
position (SD), is known to influence morphology, a brief
consideration of these mechanisms as the potential origin of
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the observed morphology differences in RESS-precipitated
polymers is warranted. Typically, NG produces a spherical or
globular precipitate, and SD a *‘lacy”’ structure (Caneba and
Soong, 1987; Schaaf et al., 1987), so an analogy to our RESS
powder and fiber morphologies could be drawn. However, a
differentiation of phase separation mechanism based on pre-
cipitate morphology is still unequivocal (McMaster, 1975; Tsia
and Torkelson, 1990). Hence, in the absence of thermodynamic
or kinetic data, it is not possible to attribute the occurrence
of the fiber morphology in our RESS precipitate to SD and
spheres to NG. We believe this would be unlikely, however,
since SD is more likely to occur with a deep, fast quench, and
our data indicate that powder morphology is favored under
such conditions.

Conclusions

Experimental investigations of the effect of process condi-
tions on the morphology of polymers precipitated via the rapid
expansion of a supercritical solution across an orifice show
that increasing temperature, increasing polymer concentration,
decreasing pressure, or decreasing L/D ratio of the capillary
can cause a change in morphology from fine-diameter powder
to high aspect ratio fibers. The temperature need not be above
the normal melting point or glass transition temperature of
the polymer in order for fibers to result. However, the high
level of axial orientation in the fibers indicates that the polymer
precipitated in a deformable state, probably as a polymer-rich
fluid phase. Spherical particles usually accompanied the oc-
currence of fibers; these particles may have precipitated from
the solvent-rich fluid phase or been caused by fiber breakup.

Expansion of the solution during RESS takes place in the
entry region to the orifice, inside the capillary-like orifice and
in the free jet region downstream of the orifice exit. The rate
of density reduction increases as a fluid element progresses
farther downstream. Experimental conditions favoring fiber
formation also favor polymer precipitation farther upstream.

To identify the probable location of phase separation for
fibers and powder, the adiabatic expansion of pure solvent
from reservoir conditions to the exit of the capillary was ana-
lyzed. A real-gas, virial equation of state with density and
temperature as the independent variables was used in the one-
dimensional numerical flow calculations. The occurrence of
fibers coincided with predictions that phase separation would
occur during entry to the orifice, while powder morphology
was found experimentally when calculations predicted that the
solubility limit would be reached inside the orifice itself. Due
to pressure limitations on the pump used, our experiments did
not probe the operating regime where calculations indicated
that solute phase separation would occur in the free jet region.
The predicted occurrence of solvent flashing did not correlate
with any morphological observations, because any solvent
evaporation predicted to occur generally took place consid-
erably downstream of the polymer precipitation point.

The characteristic time scale for RESS can be as short as
107 s, if solute precipitation can be delayed until beyond the
entry region to the capillary exit. Such a short time scale may
rival that for homogeneous nucleation and could likely produce
precipitates with interesting, nonequilibrium properties. In
practice, however, this would require a higher upstream so-
lution density or a lower solute concentration than that re-

AIChE Journal



quired to achieve a saturated solution; either of these conditions
would directly influence process economics through increased
solvent compression costs.
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Notation
b constants for CDFM equation of state (Eq. 5)

constants for CDFM saturated vapor density (Eq. 9)

real fluid heat capacity at constant volume

ideal gas heat capacity at constant volume

diameter of capillary

Fanning friction factor

mass flux

specific enthalpy

length of capillary

Mach number

pressure

pre-expansion pressure

universal gas constant

temperature

critical temperature

glass transition temperature

melting temperature

pre-expansion temperature

axial velocity

axial direction

compressibility factor

ax e dTNNYRIv RSO A0

L | (| { | 1 T O

Greek letters

B8; = constants for CDFM heat capacity (Eq. A15)
p = density

p. = critical density

p, = saturated vapor density

po = pre-expansion density

T reduced temperature, 7/7,
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Appendix A
The governing equations are:
u Z—:; +p % =0 (A])
.‘Zﬁ_ _c_If_’:qu}p (A3)
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P=zpRT (Ad)
Since the equation of state uses p and 7 as independent
variables, z=z(p,7T), we need to express P and £ in terms of
p and T. Taking the logarithm of Eq. A4:
InP=Inz+lnp+InR+InT (AS)
and differentiating with respect to x yields:
PdT

dP Pdz Pdp

A6
dx  z dx pdx T dx (A9
But, z=2z(p,T), therefore:
dz [0z\ dp (o0z\ dT
—_— | — —_— —_ - 7
dx <Bp>rdx+ <8T>p dx a7

Thus,
dpP 1 9z dp 1 1foz dT
E;—P[p+z<ap> ]de’P[?JrE(aT)J x A9

With p and T as independent variables, the enthalpy can be
expressed as (Sandler, 1989):

dh=C,,dT+d(£> I[P T<6P> j|dp (A9)
o) p aT,

Combining this with Eq. A4 gives:
dh az dar
R
P [C RT( >+ }dx
2
Rr{%) _RT(32) Yde
Bp o \oT . dx

Substituting Eq. A8 into Eq. A2, and Eq. A9 into Eq. A3 with
subsequent simplifications gives:

(A10)

L, au
dx ©dx

L9 | P P(oz) \dp
P dx pzaprdx

=0 (Al1l1)

A dT  2fu’p
- 12
+[T+z<aT> ]dx p W2

ar dz do 2fu’p
T —=

oC, — o -R [ <3T> +z]dx D (A13)

where C, is calculated from the equation of state as:

S J(J o

C,= T(aT) =C%- RZ 2 by (ALY

Here C? is the ideal gas heat capacity given by the following

equation:
B,
o= Z

J

(A15)

where b;; and §; are coefficients given by Altunin (1987).
Equations A11-A13 can be solved simuitaneously for (du)/
(dx), (dp)/(dx), and (dT)/(dx) to yield Egs. 6-8.

Appendix B

The coefficients in Eq. 9 obtained by a nonlinear regression
analysis are:
¢, = —1.40119257603628
c,= —2.458310578366022
cy= 4.724281519509824
c,= —1.752978974377223
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