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In this paper we present a simple procedure for calculating the mass density of polymers at high temperature
and pressure conditions. The proposed method entails the integration of a pendant drop volume from an
axisymmetric drop image profile; this same pendant drop profile can be used to determine the surface tension
using axisymmetric drop shape analysis (ADSA). Our approach yields both density and surface tension data
simultaneously and is advantageous since it does not require any additional procedure or module to calculate
the density of polymers in a fluid. This integration method provides a set of density data for the sample
polymer, polystyrene, in supercritical fluid nitrogen, which is similar to the data derived from the empirical
Tait equation and the semiempirical Sanchez-Lacombe equation of state when the temperature is above the
polymer glass transition point. The results corroborate the use of all three approaches in determining the
mass density of polymers at high temperatures. The comparable surface tension data are obtained at temperatures
above the glass transition temperature of polymer with the densities generated by the three density determination
approaches. We expect that the approach based on ADSA in conjunction with the mass density determination
by the current integration method can be applied to the surface tension measurements of many other polymer
melts in various fluid environments.

Introduction

Surface tension is one of the most important parameters in
polymer engineering processes, such as foaming, suspensions,
wetting, and blending,1 and there are many methods available
for measuring surface tension. Among them, the pendant drop
method has many advantages because of the simplicity of the
apparatus and the versatility of its applications.2,3 The latter is
shown in surface tension measurements for many fluid systems,
such as low molar mass liquids, liquid crystals, and polymers.
This method includes the determination of a dense liquid drop
profile in another liquid at the equilibrium interface of two
liquids.4,5 One of the pendant drop techniques, the axisymmetric
drop shape analysis (ADSA) method, relies on the numerical
integration of the Laplace equation of capillarity and determines
the surface tension value through a best fit of the experimental
profile with the theoretical one. However, there are several
obstacles in carrying out such experiments with polymers. One
is to do with the experimental difficulties in handling viscous
polymer melts at high temperature and pressure; it is a challenge
to ensure that the equilibrium of the polymer interfaces is
maintained during the measurement.6–8 It has been difficult to
determine polymer mass densities precisely at extreme condi-
tions (i.e., high temperature and pressure conditions), which
often poses challenges to obtaining accurate surface tension
measurements.9 For polymer melt systems, one can, in principle,
measure the mass density and surface tension separately, and
then obtain the density data through interpolation. The density

is usually required as an input parameter in the procedure of
determining the surface tension by fitting the experimentally
observed profile of the pendant drop. For this procedure to be
successful, however, one requires accurate density data as well
as the ability to replicate the identical experimental conditions
for both the density and surface tension measurements, which
is not always feasible in given experiments.10–16

Several theoretical approaches, both empirical and semiem-
pirical, have been essayed to calculate the mass density of
polymer melts at high temperature and pressure, such as those
that use the Tait equation17–19 and the Sanchez-Lacombe
equation of state (S-L EOS).20 These equations relate the
pressure, temperature, and volume of polymer melts; the density
of the polymer can in turn be calculated as a function of pressure
and temperature. In fact, these theoretical predictions of polymer
mass densities have been used by us in a number of recent
publications.21,22 Nonetheless, these approaches have entailed
certain errors (see below), since most of the current theoretical
models used to calculate the pressure, volume, and temperature
(PVT) relationship of polymer melts employ approximations
that have not been justified experimentally or using first
principles.23

On the other hand, there have been several experimental
attempts to measure the mass density of polymer melts and their
surface tension simultaneously. These approaches are based on
a sessile drop method;14–16 however, it has also been re-
ported 8–10 that the sessile drop profile based methods are less
accurate for determining surface tension as compared to the
pendant drop methods, possibly because of the significant
influence exerted by the solid substrate supporting the fluid
sample drop.
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The purpose of the present study was to find an effective
way of obtaining the mass density and the surface tension of
polymer melts simultaneously using the pendant drop method.
Since the ADSA surface tension measurement entails visually
capturing the pendant drop profile generated by a polymer melt,
one can measure the volume of the pendant drop by reconstruct-
ing the 3-D structure of the drop. The method reported herein
is based on a computer program created for axisymmetrical
drops that is consistent with the requirements of the ADSA
method for achieving a surface tension measurement. The
experiment described in this paper used a drop profile that was
obtained under high temperature and pressure experimental
conditions to measure both the surface tension and the mass
density of polystyrene in supercritical nitrogen, as both are
commonly used in polymer materials and processing industry.
We also examined the theoretical models represented by the
Tait and S-L equations and present a comparison of all three
approaches with respect to their efficiency at predicting densities
of the polymer.

Materials and Methods

Materials. Polydisperse polystyrene (Styron 685D; weight
average molecular weight (Mw) ) 312 000; polydispersity index
) 2.6) (Table 1) was obtained from Dow Chemical Co. Nitrogen
(critical pressure ) 492 psi; critical temperature ) -147 °C)
at 99.99% purity was purchased from PRAXAIR (Danbury, CT).

Density Determination: the Tait Equation of State. The
density of polymers as a function of temperature and pressure
plays an important role in many polymer engineering processes.
The relation of pressure, temperature, and density is useful for
optimizing processing parameters, predicting polymer-polymer
miscibility, and correlating the parameters of polymer melt
theories involving molecular structures. Among the theories
of equations of state, the Tait equation is well-known as a
successful empirical equation for predicting the density of
amorphous polymers.17–19 For polystyrene in nitrogen, the Tait
equation can be written as24

Vp )V0[1- 0.0894 ln(1+ P
B(T))] (1)

where Vp is the specific volume (cm3/g), P is the pressure, and

V0 ) 0.7884 exp(5.790 × 10-4T) (2)

B(T)) 887.2 exp(-4.323 × 10-3T) (3)

Density Determination: the Sanchez and Lacombe Equa-
tion of State. Sato et al. employed the Sanchez-Lacombe (S-
L) equation of state (EOS) to calculate the solubility of gas
under high pressure and temperature.20 The density of polysty-
rene saturated with nitrogen was determined using the following
S-L EOS:

F̃2 + P̃+ T̃ [ln(1- F̃)+ (1- 1 ⁄ r)F̃]) 0 (4)

where F̃ is the reduced density, P̃is the reduced pressure, T̃ is
the reduced temperature, and r is the number of sites occupied
by a molecule. These parameters are defined as
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where F is the density, P is the pressure, T is the temperature,
M is the molecular weight, R is the gas constant, and the
characteristic parameters, P*, F*, and T*, for the mixture were
evaluated using the following mixing rules:
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where Ti*, Pi*, Fi*, and ri
0 represent the characteristic parameters

of the component i in its pure state. In particular, the first two
characteristic parameters are defined as

T* ) ε*
kB

, P* ) ε*

V/
(7)

where ε* is the interaction per mer and V* is the close-packed
mer volume.21,22 The characteristic parameters for calculating
the density using the S-L EOS are given in Table 2. The binary
interaction parameter, k12, was determined in order to minimize
the relative experimental deviations at each given temperature;
the determined binary interaction parameters at different tem-
peratures are included in Table 3.

Density Determination: the Integration Method. In the
integration method proposed herein, a known amount of mass
of polymer sample was used to form a pendant during the
experiment. The volume of the polymer was then calculated
from the drop image profile once desired high temperatures and
pressures were achieved in the experiment. For the volume
calculation, the drop profile was modeled using a left profile
PL(y) and right profile PR(y) (Figure 1). The drop volume was
“cut” into a series of discs that were perpendicular to the vertical
axis, y, of the drop (note: this axis does not necessarily coincide
with the direction of gravity action). The midpoint rule was
used for the integration along the y-axis:

volume of drop)π∫R(y)2 dy (8)

where the radius of each disk is

Table 1. Polystyrene Molecular Weights

polystyrenes (PS) maker Mw (g/gmol)a Mn (g/gmol)b Mw/Mn

polydispersed PS Dow Chemicals 312000 120000 2.60

a Mw (g/gmol):weight-averagemolecularweight. b Mn(g/gmol):number-
average molecular weight.

Table 2. Characteristic Parameters for the Sanchez-Lacombe
Equation of State28

substance P* (MPa) F* (kg/m3) T* (K)

PS 387.0 1108 739.9
nitrogen 103.6 803.4 159.0

Table 3. Binary Interaction Parameters (k12) of Polystyrene in
Nitrogen at Different Temperatures

temp (°C) interaction parameter (-)

30 0.245
50 0.239
70 0.233
90 0.227

110 0.221
130 0.215
150 0.209
170 0.203
190 0.197
210 0.191
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R(y))
PR(y)-PL(y)

2
(9)

centered at

C(y))
PR(y)+PL(y)

2
(10)

For the volume calculation, it is also possible to use the trapezoid
rule. When integration occurs at a pixel scale resolution, the
difference between the two methods is the same as the
discretization errors that occur during the drop profile extraction.
In the experiment, the solid polymer sample was weighed and
attached to the tip of a stainless steel rod. The sample was then
heated up to 210 °C to generate the polymer melt and ensure
equilibrium with the surrounding nitrogen supercritical fluid.
The polymer melt formed pendant drop was generally axisym-
metric and the density so obtained showed a small variation,
less than 1%, in our experiments. The details were discussed
in a previous publication.20 Note that the weight changes of
the polymer were corrected for the effect of nitrogen dissolving
in the polymer melt during the experiment; the solubility values
were obtained from those available in the literature.21

Volume and Surface Tension Measurements. The volume
of polystyrene in nitrogen was calculated with the integration
method at different temperatures ranging between 30 and 210
°C, and at a pressure of 500 psi. Figure 2a shows a typical cross-
sectional drop profile, with a 3-D image in Figure 2b. For the
density calculation, the volume was obtained through the
integration by assuming that the drop was symmetric about
the Y-axis. The polymer in pellet form was initially weighed
before the experiment. The solubility data for nitrogen in
polystyrene21 was then used for correcting the density calculations.

To achieve the desired experimental conditions, a high-
temperature and high-pressure sample cell was constructed in
an earlier experiment20 and used here. Briefly, the optical
viewing cell consisted of a cylinder of stainless steel, which
was heated by an electrical band heater during the experiment.
The cylinder was hollow, with an inner diameter of 30 mm and
length of 25 mm. Two optical-quality sapphire windows (Meller
Optics, Inc.) permitted the illumination and observation of the

pendant drop formed by the sample polymer melt. The
experimental setup was tested for its accuracy and reproduc-
ibility with a range of polymer-gas combinations, and the
details are described in our recent publication.23 For the purpose
of calibration, the volume was also obtained from the ADSA
software and was compared with that of the integration method
(see Figure 3). Note that the volume from ADSA was obtained
after using the polymer density as an input in the surface tension
calculations; thus, this volume determination was not indepen-

Figure 1. Volume integration along the Y-axis of a drop image.

Figure 2. Typical pendant drop profile of a polystyrene melt in supercritical
nitrogen: (a) 2-D profile, (b) corresponding 3-D profile.

Figure 3. Comparison of the volume measurements of the integration
method with the axisymmetric drop shape analysis (ADSA) method for
various drops formed at different times.
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dent from the Laplace equation of capillarity fitting for surface
tension determination.

Results and Discussion

Density Measurements. The density of polystyrene in
supercritical nitrogen (critical conditions 493 psi and -147 °C)
was determined using three approaches: two theoretical calcula-
tions based on the Tait and S-L equations of state, respectively,
and the integration method. The integration method was verified
when the results yielded by using this method were compared
with those obtained from the ADSA program (Figure 3). The
density results from the three approaches are shown in Figure
4. In the higher temperature range (i.e., above ∼100 °C), all
three approaches yielded the same density change trend with
respect to temperature. They appeared to have a similar negative
slope of density change in relation to temperature, although the
S-L EOS gave the highest density value at each temperature,
while the integration method generated the lowest one. Never-
theless, relatively small differences among all three approaches
indicated that at high temperatures, both approaches that use
equations of state were valid for calculating polymer melt
densities. These findings thus support earlier work that extracts
the mass density of polymer melts based on either the Tait
equation or S-L EOS.21–23

Larger density discrepancies emerged among the three
approaches, however, when the temperature of the experiment
was reduced below 100 °C. In this case, the integration method
yielded a plateau while the two EOS approaches kept increasing
as the temperature decreased. Since the glass transition for
polystyrene in nitrogen is at approximately 100 °C,27–31 the
polymer adopts a glassy state and its molecular mobility
becomes significantly limited as the temperature dips below 100
°C. Thus, at low temperatures, the density of the polymer should
not change with temperature as significantly as when the
polymer is in a liquid state at higher temperatures. In light of
this important consideration, we believe that the values obtained
from the integration method are more realistic than those
obtained from the two theoretical approaches. Additionally, this
outcome may not be surprising as both the Tait and the S-L
equations were originally generated from experimental observa-
tions at high temperatures when polymers were still in a liquid
state, as well as from mean field theories applied to the liquid
state of polymer melts where sufficient molecular mobility was
assumed.

Surface Tension Measurements. The surface tension of
polystyrene in supercritical nitrogen was determined by the

ADSA technique with the mass density of the polymer melt as
an input parameter. Three versions of the mass density were
used, based on three density determination methods: the Tait
equation, the S-L EOS, and the integration method proposed in
the current work. The results are shown in Figure 5. It was
observed that at high temperatures, above ∼100 °C, all three
approaches yielded rather similar surface tension values at each
temperature; they all increased with decreasing temperature, with
the S-L EOS giving the highest value and the integration method
generating the lowest value at a given temperature. These results
indicate that all three approaches provide adequate mass
densities for polymers in their surface tension measurements.
However, discrepancies occurred when the temperature de-
scended below ∼100 °C, the glass transition temperature. These
large deviations were related to the large differences among the
three density determination methods (Figure 4). On the basis
of the surface tension change that typically occurs with respect
to temperature, a clear break was observed around ∼100 °C
for all three approaches. This break represented the direct effects
of the glass transition temperature of polystyrene in supercritical
nitrogen. When the temperature was below the glass transition
temperature, the polymer adopted a solidlike state and its
viscosity became extremely high. Under such situations, the
pendant drop of the polymer was almost “powerless” to alter
its shape. The surface tension measurement based on the drop
shape analysis therefore showed becomes invalid.

It should be emphasized that, in the current experiments, the
mass density of the polymer and its surface tension were
obtained from the same pendant drop at a given high pressure
and temperature, and the experiment did not require any
additional procedure or module to obtain the density as an input
parameter to determine the surface tension. The integration
method proposed is robust and efficient at determining polymer
densities when compared to other empirical or semiempirical
equation of state models.

Summary

We have presented a simple method for obtaining the mass
density of polymers at high temperature and pressure conditions.
This procedure involved the integration of a pendant drop
volume from an axisymmetric drop image profile that was
simultaneously used for determining surface tension. The
approach developed herein yielded both density and surface
tension data simultaneously and was effective and advantageous
since it does not necessitate the use of any additional procedure
to calculate the density of polymers under a given experimental
situation. For polystyrene in supercritical nitrogen, the integra-

Figure 4. Temperature dependence of polystyrene density for all three
density calculation methods. The current work is based on the integration
method. The pressure used was 500 psi.

Figure 5. Temperature dependence of polystyrene surface tension for all
three density calculation methods. The current work is based on the
integration method. The pressure used was 500 psi.
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tion method generated a set of density data similar to that
calculated from both the empirical Tait equation and the
semiempirical Sanchez-Lacombe equation of state when the
temperature was above the polymer glass transition point. This
corroborates the use of all three approaches in determining the
mass density of polymers at high temperatures. However, at
temperatures below the polymer glass transition point, large
discrepancies in density were observed among the three ap-
proaches, reflecting the inability of the two theoretical models
to predict accurately the polymer density while the integration
method remained valid. The obtained density values can be used
for ADSA surface tension calculations. At temperatures above
the polymer glass transition point, similar surface tension data
was produced by all three density determination approaches.

Acknowledgment

We gratefully acknowledge the financial support from the
Natural Sciences and Engineering Research Council of Canada
(NSERC), the Canadian Foundation for Innovation (CFI), and
the Canada Research Chairs (CRC) Program.

Literature Cited

(1) Myers, D. Surfaces, Interfaces, and Colloids: Principles and
Applications; VCH Publishers Inc.: New York, 1991.

(2) Kwok, D. Y.; Cheung, L. K.; Park, C. B.; Neumann, A. W. Study
on the Surface Tensions of Polymer Melts Using Axissymmetric Drop Shape
Analysis. Polym. Eng. Sci. 1998, 38, 757–764.

(3) Mason, R.; Jalbert, C. A.; Muisener, P.; Koberstein, J. T.; Elman,
J. F.; Long, T. E.; Gunesin, B. Z. Surface energy and surface composition
of end-fluorinated polystyrene. AdV. Colloid Interface Sci. 2001, 94, 1–19.

(4) Jannasch, P. Surface Structure and Dynamics of Block and Graft
Copolymers Having Fluorinated Poly(ethylene oxide) Chain Ends. Mac-
romolecules 1998, 31, 1341–1347.

(5) Cooper, A. I. Polymer synthesis and processing using supercritical
carbon dioxide. J. Mater. Chem. 2000, 10, 207–234.

(6) Tomasko, D. L.; Li, H.; Liu, D.; Han, X.; Wingert, M. J.; Lee, L. J.;
Koelling, K. W. A Review of CO2 Applications in the Processing of
Polymers. Ind. Eng. Chem. Res. 2003, 42, 6431–6456.

(7) Lee, M.; Park, C. B.; Tzoganakis, C. Measurements and Modeling
of PS/Supercrtical CO2 Solution Viscosities. Polym. Eng. Sci. 1999, 39,
99–109.

(8) del Rio, O. I.; Neumann, A. W. Axisymmetric Drop Shape Analysis:
Computational Methods for the Measurement of Interfacial Properties from
the Shape and Dimensions of Pendant and Sessile Drops. J. Colloid Interface
Sci. 1997, 196, 136–147.

(9) Rotenberg, Y.; Boruvka, L.; Neumann, A. W. Determination of
Surface Tension and Contact Angle from the Shapes of Axisymetric Fluid
Interfaces. J. Colloid Interface Sci. 1983, 93, 169–183.

(10) Lahooti, S.; del Rio, O. I.; Cheng, P.; Neumann, A. W. Axisym-
metric Drop Shape Analysis (ADSA). Appl. Surf. Thermodyn. 1996, 441–
507.

(11) Lau, W. W. Y.; Burns, C. M. Kinetics of Spreading. Polystyrene
Melts on Plane Glass Surfaces. J. Colloid Interface Sci 1973, 45, 295–302.

(12) Alexopoulos, A. H.; Puig, J. E.; Franess, E. I. Phase Continuity
and Surface Properties of dispersions of AOT/Water Liquid Crystals. J.
Colloid Interface Sci. 1989, 128, 26–34.

(13) Song, B.; Springer, J. Determination of Interfacial Tension from
the Profile of a Pendant drop Using Computer-Aided Image Processing. J.
Colloid Interface Sci. 1996, 184, 77–91.

(14) Anastasiadis, S. H.; Chen, J. K.; Koberstein, J. T.; Sohn, J. E.;
Emerson, J. A. Interfacial Tension of Immiscible Polymer Blends: Tem-
perature and Molecular Weight Dependence. Polym. Eng. Sci. 1986, 26,
1410–1428.

(15) Demarquette, N. R.; Kamal, M. R. Interfacial Tension in Polymer
Melts. 1: An improved pendant Drop Apparatus. Polym. Eng. Sci. 1994,
34, 1823–1833.

(16) Wu, S. Surface and Interfacial Tension of Polymer Melts. II.
Poly(methyl methacrylate) Poly(n-butyl methacrylate), and Polystyrene. J.
Phys. Chem. 1970, 74, 632–638.

(17) Hess, M. The Use of Pressure-Volume-Temperature Measurements
in Polymer Science. Macromol. Symp. 2004, 214, 361–379.

(18) Quach, A.; Simha, R. Pressure-Volume-Temperature Properties and
Transitions of Amorphous Polymers: Polystyrene and Poly (orthomethyl-
styrene). J. Appl. Phys. 1971, 42, 4592–4606.

(19) Zoller, P.; Boli, P.; Pahud, V.; Ackermann, H. Apparatus for
measuring pressure-volume-temperature relationships of polymers to 350
C and 220 kg/cm2. ReV. Sci. Instrum. 1976, 47, 948–952.

(20) Park, H.; Park, C. B.; Tzoganakis, C.; Tan, K. H.; Chen, P. Surface
Tension Measurement of Polystyrene Melts in Supercritical Carbon Dioxide.
Ind. Eng. Chem. Res. 2006, 45, 1650–1658.

(21) Sato, Y.; Yurugi, M.; Fujiwara, K.; Takishima, S.; Masuoka, H.
Solubilities of carbon dioxide and nitrogen in polystyrene under high
temperature and pressure. Fluid Phase Equilib. 1996, 125, 129–138.

(22) Park, H.; Park, C. B.; Tzoganakis, C.; Chen, P. Effect of Molecular
Weight on the Surface Tension of Polystyrene Melt in Supercritical Nitrogen.
Ind. Eng. Chem. Res. 2007, 46, 3849–3851.

(23) Park, H.; Thompson, R. B.; Tzoganakis, C.; Park, C. B.; Chen, P.
Effect of temperature and Pressure on Surface Tension of Polystyrene in
Supercritical Carbon Dioxide. J. Phys. Chem. B 2007, 111, 3859–3868.

(24) Sato, Y.; Takikawa, T.; Takishima, S.; Masuoka, H. Solubilities
and diffusion coefficients of carbon dioxide in poly(vinyl acetate) and
polystyrene. J. Supercrit. Fluids 2001, 19, 187–198.

(25) Sanchez, I. C.; Lacombe, R. H. Statistical Thermodynamics of
Polymer Solutions. Macromolecules 1978, 11, 1145–1156.

(26) Sanchez, I. C.; Lacombe, R. H. An Elementary Molecular Theory
of Classical FluidsPure Fluids. J. Phys. Chem. 1976, 80, 2352–2363.

(27) Richardson, M. J.; Savill, N. G. Derivation of accurate glass
transition temperatures by differential scanning calorimetry. Polymer 1975,
16, 753–757.

(28) Takamizawa, K.; Toratani, H. Application of a high pressure d. t.
a. to study the pressure-glassification of polystyrene. Polymer 1992, 33,
1333–1334.

(29) Royer, J. R.; Gay, Y. J.; Desimone, J. M.; Khan, S. A. High-Pressure
Rheology of Polystyrene Melts Plasticizer with CO2: Experimental Mea-
surement and Predictive Scaling Relationships. J. Polym. Sci.: Part B:
Polym. Phys. 2000, 38, 3168–3180.

(30) Utracki, L. A. Pressure-Volume-Temperature of Molten and Glassy
Polymers. Journal of Polymer Science: Part B: Polym. Phys. 2007, 45,
270–285.

(31) Legrand, D. G.; Gaines, G. L. The Molecular weight Dependence
of Polymer Surface Tension. J. Colloid Interface Sci. 1969, 31, 162–167.

ReceiVed for reView October 30, 2007
ReVised manuscript receiVed March 20, 2008

Accepted April 1, 2008

IE071472Q

Ind. Eng. Chem. Res., Vol. 47, No. 13, 2008 4373


