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Surface Tension Measurement of Polystyrene Melts in Supercritical Carbon
Dioxide
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This paper introduces an experimental method that uses Axisymmetric Drop Shape Analysis-Profile (ADSA-
P) to measure the surface tension of polymer melts in supercritical carbon dioxide. The method is verified by
experiments in air and nitrogen, where reproducibility tests and statistical analyses are performed. The surface
tension of polystyrene (PS) melts in supercritical carbon dioxide is obtained, while the gas solubility is correlated
with the surface tension value determined under various pressures. The Samatenbe (S-L) equation

of state (EOS) is applied to estimate the pressumume—-temperature (PVT) data of the PS/supercritical-
carbon-dioxide mixtures, which gives density data. The relationship between surface tension and density is
described by the empirical Macleod equation. To characterize the stability of pendant drops formed by the
polymer melt, the Bond number is determined to be useful; in particular, a stable pendant drop is obtained
when the Bond number is in the range of -0018.

Introduction balance between gravity and surface forces determines the drop
profile. Recent progress in image analysis and data acquisition
. . " -7~ systems has made it possible to obtain direct digitalization of a
tension of polystyrene (PS) melts in supercritical carbon dioxide. drop image with the aid of a video frame grabber and a digital

Surfacz te'rt1hS|ton hprolwd'eslvaluable mformr?tlor} abo.ut howftol camera. The digital signals are further analyzed using different
proceed with technological processes, such as foaming, partic ealgorithms to determine the surface/interfacial tension from the
(pigment) suspensions, wetting, and polymer blendiAghong

the methods commonly used to measure surface tension, dro drop profile>"?
y ’ P Despite the theoretical simplicity of using sessile and pendant

shape methods are distinguished by the premise that the Shap%Irops for determining the surface tension of polymer melts
of a sessile or a pendant drop is governed by a combination of research in this area has been limited, because of the expe,ri-
surface tension and gravity. In principle, when gravitation and mental difficulty in handling and ensuring the equilibrium of
surface tension effects are comparable, the shape of a drop O‘highly viscous meltd®20 The Axisymmetric Drop Shape

a bubble can be used to determine the surface tension. The dro% . . S ;
S nalysis (ADSA) approach relies on a numerical integration
shape methods have many advantages because of their simple

et versatile. mechanics. For example. thev require only small of the Laplace equation of capillarity. This numerical procedure
y Lo : pie, they req y unifies both the sessile drop and the pendant drop methods.
amounts of the liquid, as compared with other methods, such

as the Wilhemy plate techniqddhe drop shape methods also Recently, ADSA has been psed in a_pplication for determinipg
facilitate the study of both liquidvapor and liquic-liquid polymer melt surface tensions at high temperature and high

interfacial tensions. Furthermore, these techniques can be appliec? r?l'shseu(r)%l'ective of this research is to establish an ADSA-based
to materials ranging from pure solvents to concentrated solu- J

tions, and from organic liquids to molten metalShey are approach for evaluating the surface tension of polystyrene melts

highly adaptable, considering the fact that conditions within the N sn_JpercrmcaI carbon dioxide. The d_ep_enden_ce of surface

sample cell can range from low to high temperatures, and from tension on temperature and pressure 1s mvgsngated, gnd the

vacuum to high pressures ' interplay between surface tension and solubility is studied.
The pendant drop method, which is a common one for

measuring the surface and interfacial tensions of a liquid, is a Experimental Section

robust method that is independent of contact angle; it entails a  \15terials. Polystyrene (PS, Styron 685D, = 120 000,
simple experimental setup and has been used extensively forpolydispersity index= 2.6) was kindly supplied by Dow
evaluating the surface tgnsjon of_ polymers,_liquid crystals, and ~hemical Company. Carbon dioxide (99.99% purity, Super-
other low-molar-mass liquidsThis method involves the de-  yisical Fluid Chromatographic grade, PRAXAIR) was used as
termination 9f a drop prof_lle of one dgnser I|qU|d_ suspended in 5 supercritical fluid in all of the experiments. Nitrogen (99.99%
another liquid at mechanical equilibrium of the interface. The purity, PRAXAIR) was used as an inert gas for the purpose of
measuring the surface tension of PS. No chemicals were
* To whom correspondence should be addressed. E-mail: p4dchen@modified prior to use.

cape.uwaterloo.ca. . . . ) i
T Department of Chemical Engineering, University of Waterloo. Axisymmetric Drop Shape Analysis-Profile (ADSA-P).The

# Microcellular Plastics Manufacturing Laboratory, Department of P€ndant drop method involves the suspension of a drop of one
Mechanical and Industrial Engineering, University of Toronto. liquid at the tip of a capillary in another fluid (either a gas or
§ Epson R&D. another liquid). The interfacial tension can be ascertained from

The primary objective of this work is to measure the surface
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Table 1. Characteristic Parameters for the SanchezLacombe Equation of State (S-L EOS)

characteristic characteristic
substance pressureP* (MPa) density,o* (kg/m?3) temperatureT (K) reference
polystyrene, PS 387.0 1108 739 25
CO 720.3 1580 208.9- 0.459T — (7.56 x 107412 25
Table 2. Binary Interaction Parameters of Two Different characteristic parameter®*, p*, and T*—of the S-L EOS for
Temperatures® the mixture were evaluated using the following mixture rules:
Value
parameter at21eC at 230°C Pr = ZZ‘biqﬁjPiT (4)
K1z ~0.1977 ~0.2343 o
_ 0.5
aData taken from ref 25. Pﬁ - (1 - kij)(Per (5)
. . - ¢eT?
an analysis of the drop profile, where the density difference T* = p* ©)
between the two fluids is used as an input parameter. The Z px*
classical Laplace equation of capillarity is the basis for all static '
analyses of interfacial and surface tensions. It states that the 1 o
pressure difference across a curved interface can be described -= z—o @)
by rar
PYTH
1. 1_AP . @PrT
RTR=7 1) bi=— ®)
1 2
> @I
whereR; is the radius of curvature in the plane of papgerthe .
radius of curvature in a plane perpendicular to papd?,the ()
pressure difference across the curved interface, anithe b = 9)
interfacial tension. (W/pd
In their theoretical research, Bashforth and Adams success- ]Z P

fully transformed the Laplace equation into convenient dimen-
sionless forms, and numerical solutions with an accuracy® 4 whereT?, P}, pf, andr®represent the characteristic parameters
decimal places were tabulatédn earlier experimental studies,  of the componeritin its pure state. The characteristic parameters
the shape of liquid menisci was measured manually and for calculating the density using the-& EOS are given in
interfacial tensions were interpreted with different sets of tables. Table 1. The binary interaction parameter,) was determined,
Progress in image analysis and data acquisition has made itto minimize the relative experimental deviation at each given
possible to obtain a direct digitalization of the drop image with temperaturés The determined binary interaction parameters of
the aid of a video frame grabber and digital camera. The two different temperatures are listed in Table 2.
technique of Axisymmetric Drop Shape Analysis-Profile (ADSA- Apparatus and Procedures. The ADSA-P was used to
P) has been developed to determine ligtfidid interfacial measure the surface tension of PS in supercritical carbon
tensions from the shape of axisymmetric menfsti this dioxide. A schematic of the pendant drop apparatus is shown
technique, drop images are digitized with subpixel resolution, in Figure 1. An IsoStation Vibration Isolated Workstation
and experimental drop profiles are compared with theoretical (jabeled as “1” in Figure 1) was used to isolate the vibration-
profiles governed by the Laplace equation of capillarity. A least- sensitive elements from the floor motion or vibration. To
squares algorithm is used with the interfacial (surface) tension jlluminate the pendant drop, a light source (labeled as “2” in
as one of the adjustable parameters. Other parameters, such gsigure 1) was used. Generally, a frosted glass diffuser (labeled
drop volume, surface area, and radius of curvature, can also beas “3” in Figure 1) was used between the light source and the
obtained. The ADSA-P method is used in this study; additional pendant drop. The light diffuser provides a uniformly bright
details are discussed in other publicatiéfis. background, which results in images of high contrast. Pendant
Density Determination. The mass densities of PS, PS drops could be formed by attaching one polymer of higher
saturated with carbon dioxide, and carbon dioxide were eachdensity to a heated stainless steel holding rod (labeled as “4”

determined using the Sancheizacombe (S-L) equation of in Figure 1). Alternatively, pendant drops could also be obtained
state (EOS§*?*as shown below: by extruding a higher-density polymer with a heated stainless
L steel syringe (4). The use of a syringe holder allowed for the
~2 B o~ A P manual dispensation of polymer melt drops. A high-pressure
prrP T[In(l P+ (1 r)p] 0 @) optical viewing cell (labeled as “5” in Figure 1) was used to
~ . melt the polymer within the fluid, which had a lower density.
wherep is the reduced density the reduced pressuré;the The optical viewing cell was fixed on an XYZ stage (labeled
reduced temperature, amdhe number of sites occupied by a as “6” in Figure 1) that could be manipulated to finely adjust
molecule, the latter of which is defined as the position of the drop in three directions. A microscope system,
including a microscope (labeled as “7” in Figure 1) and CCD
|5:£ s P F_ T = MP* @) camera (labeled as “8” in Figure 1), was used to take drop
o P o*’ ™ RT* p* images and export image signals to a monochromatic monitor

(labeled as “9” in Figure 1) and a computer (labeled as “10”
wherep is the densityP the pressurel the temperaturéyl the and “11” in Figure 1). The microscope and camera were then
molecular weight, an® the gas constant. In this equation, the mounted on anotheXYZstage (labeled as “12” in Figure 1).
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1. Vibration free table 2. Light source 3. Light diffuser 4. Feeding/holding rod for melts
5. View cell with heater 6. XYZ stage 7. Microscope 8. CCD Camera

9. Monitor 10. Computer  11. Monitor 12. XYZ stage

13. Optical Rail

Figure 1. Schematic of the pendant drop apparatus.

The stage was also adjustable in three directions and could be Ps

deployed to alter the angle between the microscope and the

horizon. The entire optical system was mounted and aligned

on an optical rail (labeled as “13” in Figure 1). — —
The computer (10) has a high-accuracy, programmable frame fé’ _g

grabber board for a PCI bus, which accepts video signals in - s

many different monochrome formats and then digitizes the 3 3

image. The board either stores the digitized data to the host — —

computer’s system memory or transfers the digitized data to

the computer’s display images in real time. An ADSA-P

program was used to analyze images and implement a numerical
procedure that yielded various results, including interfacial Thermocouple
tensions, contact angles, and other parameters.

Most cameras and lenses produce slightly distorted images,
and this distortion can cause major errors in the final results,
particularly in the case of interfacial tension. A square reticule
was used to check the distortion of the optical system. The
ADSA-P can correct the drop image for optical distortion by
invoking the knowledge of a calibration grid image and the
spacing between the grid linés.

The optical viewing cell, which was used to hold the pendant (&) Side view
drop, had two sapphire windows mounted perpendicular to the Figure 2. Schematic of the optical view cell: (a) front view and (b) side
cell axis (see Figure 2). Measurements of surface or interfacial V"*"V-
tensions involving low-molecular-weight liquids under atmo-
spheric pressure indicated that the distortion of the sapphire
window was insignificant. It is believed that the distortion
incurred by the sapphire window under a pressure 8 MPa
was similarly negligible. Therefore, most of the distortion cause
by the sapphire window was insignificant.

The optical viewing cell consists of an electrically heated,
stainless steel hollow cylinder chamber in which the pendant
drop was formed. The inside of the cell is cylindrical in shape
with dimensions of 30 mm (diameter) by 25 mm (length). Two
flat optical-quality sapphire windows (Meller Optics, Inc.),
sandwiched between brass and Teflon gaskets within the
chamber, permit illumination and viewing of the drop. The
temperature of the cell was maintained with an accuracybf
°F (0.5°C) using a temperature controller (Fuzypro F16) in
conjunction with a type-K thermocouple. The thermocouple was
located~30 mm from the pendant drop, and the temperature
reading was taken as the temperature for the entire pendant drop Method Verification. The surface tension of water and
environment. Several threaded ports were drilled into the cell acetone at room temperature and atmospheric pressure was
to allow for the placement and easy removal of the sapphire measured to validate the apparatus. Table 3 demonstrates that
window for cleaning purposes. The syringe was used to producethe measurement data collected are consistent with the data
pendant drops through the capillary. A pressure tube wasfound in other studie® The surface tension of water was

(a). Front view

attached to feed the gas into the cell by Swagelok male
connections with tapered pipe threads (i.e., NPT).

A PS pellet and the holding rod were both cleaned with
d ethanol. The holding rod and the optical viewing cell were
heated to the desired temperature. A polymer pellet was placed
in a position to ensure contact between it and the bottom surface
of the rod. The pendant was created upon melting the PS pellet
and held at the bottom surface of the rod (of 1.5 mm in
' diameter). Image acquisition of the pendant drop profile was
performed and digitalized each minute. When the observed
surface tension variation was small enougtb¢s), for at least
1 h, the surface was considered to have reached equilibrium
and the surface tension was adopted as an equilibrium surface
tension and used for further analyses.

Results and Discussion
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Figure 4. Effect of axis symmetry on the surface tension of polymers
melts: (a) non-axisymmetric drop and (b) axisymmetric drop. The angles
of 0° and 90 represent the respective direction of the microscope from the
drop.

Surface
Tension(mJ/m?)
3N Y

Table 3. Comparison of Measured Surface Tension with Literature

Values Time(hr)
Surface Tension (mJMn ©
substance density this work (at 24() literature valug®
water 0.998 72.1& 0.032 72.14 (at 28C) 3 ""'c.("'&'
acetone 0.7899 23.52 0.008 23.70 (at 26C) ~ i

Surface
Tension(mJ/m?)

measured at different tilt angles; the results are shown in Figure
3. When the pendant drop was tilted, the surface tension values
changed slightly with the angle variation.

The symmetry about the axis is one of the critical assumptions

in ADSA-P. This assumption is valid for most Newtonian fluids; g: C %
however, it is not easy to obtain an axisymmetric polymer drop, g :@28

because of the initial configuration of the polymer sample and & § 2z

high polymer melt viscosity. This symmetry was examined from £ 26 .

an experimental perspective, to measure the surface tension of 00 e Tim1::m '8 20

the p0|ymer§' The imagg of the §ample d-rOpS. was grgbbed andFigure 6. Reproducibility test: results of two runs for the surface tnesion
analyzeq using ADSA-P in two dlﬁergnt dlrecuonsj which were of polystyrene (PS) melts inNas a function of temperature: (a) 210,
perpendicular to each other. If the axis symmetry is not secured, (5) 200 °C, (c) 190°C, and (d) 180°C. The error bars are the 95%
the surface tension may have an error of 5% (see Figure 4).confidence limits are calculated from ADSA-P for each image.
After the axis symmetry is secured, the margin of error can be
decreased te-1%. By measuring the volume of the drop, the each temperature, two runs were conducted. The surface tension
axis symmetry was thus reconfirmed: The density was calcu- measurements exhibited good consistency from run to run. The
lated by assuming that no reaction occurs at high temperaturespolymer surface tension inj\was further measured in the order
The density deviation can be decreased from 5% to 1%, usingof decreasing temperature. This is illustrated in Figure 7 at four
an axisymmetric drop, as is evident in Figure 5. different temperatures: 210, 200, 190, and 180The surface
The reproducibility of the experiment was tested by measuring tension values from this experiment proved to be consistent with
the surface tension of the PS melts in &t different temper-  the data from two other studié$1® The question of whether
atures. Figure 6 illustrates the surface tension as a function ofthe surface tension values of two consecutive temperatures in
the following temperatures: 210, 200, 190, and 280 For Figure 7 are actually the same or significantly different can be
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Surface Tension(mJ/m?)
r
@

180°C

0°C v=29.28+0.20

tension valued! If the calculated-value was higher than the
critical tabulated value, this would suggest that the means are
different at the selected significance level. If not, the values
would then demonstrate no significant difference. Table 4 shows
the surface tension values of 10 runs at different temperatures.
In this study, the tabulatetlvalues were chosen to achieve a
95% confidence level in a two-sided questidtitical (95%,
2s))?” The t-values were calculated to be able to compare the
surface tensions of two temperatures. Table 5 indicates that the
calculated-values were higher than the tabulated values. This

=28.09+0.22
s [ 210°C ! suggests that the surface tension values between two consecutive
¥=27.35+0.22 temperatures have significant differences at the 95% confidence
o ‘ level.
0 5 4 6 8 10 ADSA-P was also used to measure the density of polymer
Time(hr) melts from the mass and the volume of a polymer drop; the

Figure 7. Surface tension of polystyrene for different temperatures in

mass could be preweighed and the volume was an output of

atmospheric pressure of;NThe error bars are the 95% confidence limits the ADSA-P program. For the determination of density, it was

calculated from ADSA-P for each image.

assumed that the mass of the polymer drop was maintained
constant during the experiment. Table 6 shows the density of

answered as follows. A-distribution test was performed to PS melts at various temperatures. Thdistribution test was
ascertain the statistical difference of two consecutive surface conducted using a method similar to that previously described.

Table 4. Surface Tension of PS Melts at Different Temperatures with Axisymmetric Drop Shape Analysis-Profile (ADSA-P)

un AL 180°C At 190°C At200°C At210°C

number o (Ma/n?) 95% CL2 o (mJInd) 95% CL2 o (mJInd) 95% CL2 o (mdimd) 95% CL2
1 29.46 0.31 29.40 0.34 28.79 0.20 28.13 0.28
2 29.37 0.44 28.16 0.30 27.83 0.28 26.77 0.35
3 29.20 0.17 28.73 0.14 28.17 0.18 27.37 0.22
4 29.18 0.17 28.64 0.11 27.95 0.15 27.21 0.15
5 29.32 0.21 28.61 0.25 28.06 0.26 27.36 0.26
6 28.97 0.21 28.47 0.14 27.86 0.21 27.05 0.16
7 29.91 0.34 29.33 0.39 28.31 0.46 27.16 0.50
8 29.28 0.20 28.63 0.21 28.09 0.22 27.35 0.22
9 29.24 0.20 28.82 0.22 28.24 0.20 27.40 0.23
10 29.41 0.14 28.75 0.19 28.27 0.15 27.20 0.17
mean 29.33 0.25 28.75 0.37 28.16 0.28 27.30 0.35

aCL = confidence level.

Table 5. Statistical Comparison of Surface Tension Means at Various Temperatures

number of degrees calculated t value of sides tabulated at a significant

comparison of freedomn t value,tcy 95% confidence levetgiica(95%,2s) difference
0(180°C)/o(190°C) 9 4.134 2.262 yes
0(190°C)/0(200°C) 9 4.076 2.262 yes
0(200°C)/0(210°C) 9 6.092 2.262 yes

Table 6. Density of Polystyrene (PS) Melts at Different Temperatures Using ADSA-P

run At 180°C At190°C At 200°C At210°C

number o (g/cn¥) 95% CL o (g/cn¥) 95% CL o (g/cn¥) 95% CL o (g/cn¥) 95% CL

1 0.97818 0.00385 0.97230 0.00404 0.96794 0.00270 0.96386 0.00330
2 0.97878 0.00460 0.97230 0.00404 0.96197 0.00385 0.96124 0.00431
3 0.98378 0.00189 0.97218 0.00217 0.96279 0.00247 0.95896 0.00270
4 0.97801 0.00383 0.97268 0.00292 0.96381 0.00353 0.95563 0.00350
5 1.01475 0.00274 1.00816 0.00363 1.01475 0.00377 1.00816 0.00395
6 1.01896 0.00343 1.00148 0.00311 1.01896 0.00501 1.00148 0.00403
7 0.95614 0.00220 0.90880 0.00324 0.95614 0.00474 0.90880 0.00463
8 0.98582 0.00298 0.98763 0.00326 0.96643 0.00338 0.95814 0.00404
9 1.00185 0.00320 0.97994 0.00294 0.97774 0.00279 0.96599 0.00411
10 0.97831 0.00238 0.97516 0.00334 0.96178 0.00320 0.97092 0.00314
mean 0.98746 0.01908 0.97506 0.02666 0.97523 0.02265 0.96532 0.02703

aCL = confidence level.

Table 7. Statistical Comparison of Surface Tension Means at Various Temperatures

number of degrees calculated t value of sides tabulated at a significant

comparison of freedomn tvalue,tca 95% confidence levetgiical(95%,2S) difference
0(180°C)/p(190°C) 9 1.196 2.262 no
p(190°C)/p(200°C) 9 0.015 2.262 no
p(200°C)/p(210°C) 9 0.889 2.262 no
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However, as shown in Table 7, the density values exhibit no
significant difference from temperature to temperature. The
errors involved in density calculations exceed the minute change
in density with increasing temperature. The errors may be
attributed to the way the drop volume is calculated with the
ADSA-P program. In density calculations, two cut-off points
have to be chosen manually near the boundary between the
polymer and the metal holder; variations in the cut-off locations
can cause the errors in volume calculations and, hence, the
density results. Although the individual density measurements
involve the errors, the overall decreasing trend with temperature
is comparable with those of others (Figure 8). Note that the
same variations in the cut-off locations may induce uncertainties
in surface tension measurement; however, the surface tension
change with temperature is sufficiently large, i.e., statistically
significant. In this paper, only surface tension measurements
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were used to characterize the surface properties of the polymerrigure 13. Relationship between surface tension and density for PS in

melts.

supercritical CQ. The density difference is defined the difference of density

Figure 9 shows two different methods for evaluating the Petween the polymer and the gas.

equilibrium surface tension of PS melts as a function of

temperature. In the extrapolation method, the extrapolation to ©f surface tension agreed well. This agreement indicates that
zero (i.e.t = w) was taken from the graph of the surface tension bqth methods are valid for obtalqlng the equilibrium value. In

versus 14/2.2829|n the averaging method wherein the final data this study, however, the “averaging method” was adopted for
points were used, the average of the surface tension values wa§implicity.
Figure 10 compares the surface tension values of PS in the

taken as the equilibrium surface tension when the change in
surface tension was0.0001 mJ m2s~1for 1 h. The two types

nitrogen atmosphere obtained in this study with the data found
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°C.

in the literature. We have discovered that the results yielded by
this study agree well with those of two other previous experi-
ments.

Surface Tension of Polystyrene in Supercritical Carbon
Dioxide. The surface tension of PS was measured in Q@ler
a wide range of pressures at two different temperatures (210
and 230°C), and the results are shown in Figure 11. At higher
pressures, the surface tension has a lower value. After the critica

exponent became~ 2.5 because the conformational restriction
decreased. This correlation can be applied to predict the surface
tension at various temperatures and pressures.

The Correlation between Surface Tension and Solubility.
The surface tension and solubility as a function of pressure for
PS in supercritical C@at 230°C are shown in Figure 14. As
the pressure is increased, the solubility of Jf@creases and
the surface tension decreadésThis is reasonable when
considering the fact that an increase in gas-phase pressure will
likely induce more gas dissolution into the liquid phase. Surface
tension generally can be related to pressure and phase composi-
tion and, quite often, decreases as the pressure and gas
dissolution into the liquid phase each incre&se.

Dimensionless Numbers in Characterizing Drop Stability.
To characterize the stability of pendant drops used in the
experiment, we examine dimensionless numbers. Many indus-
trial processes involve the dispersion of immiscible fluids. The
importance of interfacial tension can be illustrated using the
dimensionless capillary numbeCa:

o

where is the viscosity of the polymery the applied shear
rate, R the drop radius, and the interfacial tension between
khe immiscible phase®:33The ratio of viscous force to surface

pressure (1071 psi) was reached, the surface tension continueforce governs the situation between drop breakage and coales-

to decrease.
The Relationship between Surface Tension and Density.

cence in many polymer blending and foaming processes. It
determines the domain size of the polymer blends and the cell

The relationship between surface tension and density may besjze of the polymer foams. For a small capillary number, the

expressed by the generalized Macleod equation:

= Clo, — py)" (10)
whereo is the surface tensiof is a constantpy is the density

of the polymer ps is the density of the fluid, andis Macleod’s
exponent. The exponentis close to 4 for many unassociated
liguids of low-molecular-weight substanc®s! In this study,
the Macleod’s exponent is= 4.5 at atmospheric pressure (see
Figure 12), which is very similar to Wu's resufts. At

interfacial force dominates and a steady spherical drop shape
exists. If the value is higher than a critical value, the drop is
unstable and drop breakage occurs. Within the range 0&0.1
Ca < 10, both coalescence and breakage phenomena take place
simultaneously? The Ca numbers of our pendant drop case
must have been very small, and the system is in the interfacial
force dominant range, because the shear rate was extremely
small and the viscous force can be neglected.

The stability of the polymer pendant drop may be related to
the Bond numberBo:

atmospheric pressure, the exponent has a higher value than that

when a low-molecular-weight substance is used. This is because

the polymer exhibits conformational restriction at the polymer
surface. Figure 13 shows the relationship between surface
tension and density difference for PS in supercriticabQ@ith

an increased pressure in supercritical C@he Macleod’s

t=0

t=10

o
whereAp is the density difference between two phagethe

gravitational acceleratiol the drop radius, and the interfacial

t=20

t=30 t=40

t=50

Figure 15. Evolution of polymer melts having a higher volume than a critical volume.
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t=0 t=10 t=20
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Figure 16. Evolution of polymer melts having a smaller volume than a critical volume.
Summary

The surface tension of polystyrene (PS) melts in supercritical
CO;, at temperatures of 210 and 23C was measured using
the Axisymmetric Drop Shape Analysis-Profile (ADSA-P)
method and was correlated with the solubility of JOPS. At
higher pressures, the surface tension yielded lower values. After
the critical pressure of carbon dioxide was achieved, the surface
tension continued to decrease as the pressure increased. The
empirical Macleod equation was applied to describe the
relationship between the surface tension and the density

Dv differences of the two phases. The dimensionless parameters
Figure 17. Graphical definition of the drop radius: drop radiag(D./2) were used to characterize the stability of polymer pendant drops.
+ (Dw2))/2, whereD, is the vertical diameter anBy, is the horizontal
diameter.
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