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ABSTRACT: A gravimetric sorption apparatus is set up to measure solubilities and diffusivities in
polymer-solvent systems, especially designed for measurements at low pressures and in glassy polymers.
Interval sorption experiments are performed for the system toluene-polystyrene (PS) above and below
the glass transition. Sorption isotherms (VLE) are obtained and diffusion coefficients are calculated in
the Fickian diffusion region. Below the glass transition, non-Fickian sorption kinetics (sigmoid, two-
stage) are observed.

Introduction

Solubilities and diffusivities in polymer-solvent sys-
tems are important for a number of industrial applica-
tions. In the polymer production and processing those
quantities are determining the time and efficiency of
the production process. In membrane separation with
dense polymeric membranes, the differences in the
solubilities and diffusivities of the species are essential
for the separation performance. Food packaging or
beverage containers are designed to prohibit the diffu-
sion of water or gases through the polymeric barrier.
In all these applications the polymer stays in rubbery/
melt or the glassy state.

Other applications are coatings, membrane produc-
tion, or wet fiber spinning. In those cases the polymer
changes its state from rubbery to glassy through evapo-
ration of the solvent. Here, the solubilities and the
diffusivities in the rubbery as well as in the glassy state
of the polymer are of interest.

There are a number of methods to measure both
solubilities and diffusion coefficients in those systems.
Pressure decay methods are mostly used at moderate
and high pressures.1-5 Inverse-gas chromatography,
first only applied in the infinite dilution region,6,7 has
been extended by Danner and co-workers to be used in
the finite concentration region as well.8 Using a model,
the solubility and diffusivities are determined from the
elusion profiles. The gravimetric sorption method is the
classical method, where either a quartz spring,9-11 an
electrobalance,12,13 a quartz crystal,14 or a magnetic
suspension balance15-18 is used to measure the weight
increase or decrease of a polymer sample in a vapor
atmosphere. Permeation experiments19-21 are also ca-
pable of measuring permeabilities and diffusivities from
the time lag in the steady state; the solubility can be
calculated afterward from those quantities. The perme-
ation experiments are mostly used to study gas-
polymer systems. Furthermore, some spectroscopic meth-
ods are applied to determine the mass transport in such
systems: FTIR-ATR,18,22,23 forced Rayleigh scattering,24

Rutherford backscattering,25,26 or NMR spectroscopy.27

Therefore, a number of experiments exist which are
applied to determine solubilities and transport kinetics
in polymers. In particular, it is no problem to measure

solubilities and to derive diffusion coefficients of vapors
in polymers which are in the rubbery state. One can
use a simple Fickian diffusion model with a tempera-
ture- and concentration-dependent diffusion coefficient
to determine the diffusion coefficient from the experi-
ments. If one intends to measure them for glassy
polymers, one has to keep in mind that the glassy
structure is a nonequilibrium one and that the polymer
chains slowly relax. The measured quantities in the
glassy region are therefore often difficult to interpret.
Sometimes, in the case of nonswelling vapors a Fickian
diffusion model is still appropriate to describe the
diffusion behavior.28,29 Often, the dual-mode sorption
model is used for the description of sorption and
diffusion of gases in glassy polymers.1,30-32 Concerning
the determination of diffusion coefficients, the situation
becomes even worse if the polymer reaches its glass-
rubber transition. Here, the time scale of the polymer
relaxation is on the order of the diffusion time scale,
and the relaxation of the polymer molecules influences
the mass transport in the polymer matrix.33,34 A simple
deduction of diffusion coefficients from experiments in
this region is therefore not possible anymore (maybe
with the exception of a well-separated two-stage sorp-
tion behavior). This is clearly seen from the shape of
the sorption curves obtained from gravimetric sorption
measurements. The diffusion behavior in this case is
called anomalous or non-Fickian diffusion.35,36

A lot of work has been done to measure solubilities
and diffusivities in rubbery polymers and polymer
melts10,20,37-39 using one of the aforementioned methods.
There are also numerous data on solubilities and
diffusivities of simple gases,40,41 mostly measured by
permeation techniques. To determine solubilities and
the mass transport in the transition region, classical
sorption measurements are applied.9,11,13,42,43

In this work, the gravimetric sorption measurement
was chosen to investigate the vapor-liquid equilibrium
and the transport kinetics in glassy and rubbery poly-
styrene. It is applicable from the rubbery to the glassy
polymer state, it is very accurate at low pressures, and
if the swelling is properly taken into account, it is also
extendable to higher pressures. Different shapes of
polymer samples can be investigated according to the
desired application or experimental time. In the case
of glassy polymers thin films are preferred. Neverthe-
less, measuring at low pressures (just a few mbar) in
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glassy polymers, longer experimental times (up to
several weeks) are sometimes necessary, and the prob-
lem of inevitable leakage into the equipment has to be
addressed. Otherwise, there would be a severe uncer-
tainty in the validity of the data.

For the experiments the system amorphous PS-
toluene was chosen because no kinetic sorption experi-
ments are available in the literature so far. It exists only
very limited VLE data below the glass transition of the
PS-toluene mixture.63-68 In those investigations, the
data below the glass transition are either very few,63,64,66

are scattering very much,63 are far of compared with
other data,65 or are measured using a quartz crystal
microbalance.68 The latter uses very thin polymer films
and has the advantage of being rather fast, but it is thus
not able to capture the slow change in the sorption
equilibrium which is caused by the relaxation of the
polymer matrix because this relaxation is independent
of the film thickness.53

In the next paragraph the experimental setup will be
introduced followed by the description of the experi-
mental procedure of the sorption measurements. After-
ward, experimental results for the system PS-toluene
are shown and discussed with respect to Fickian and
non-Fickian kinetics.

Experimental Section
Experimental Setup. To cope with the above-mentioned

difficulties in experimental conditions, a gravimetric sorption
equipment in a “flow-through” design was set up, which is
illustrated in Figure 1.

The central device of this equipment is a magnetic suspen-
sion balance (Rubotherm),15 measuring the weight of the
sample with a reproducibility of (0.03 mg. The weight of the
sample can range from 0.01 to 30 g. The advantages of this
balance are the high accuracy and long-time stability due to
the balance being outside the measuring cell and having no
contact to any solvent vapor. Furthermore, a continuous data
readout via PC is possible, without any personnel being
present during the whole time of the experiment.

The polymer sample is either hanging as a free film at the
measuring hook or lying horizontally attached to the bottom
of a glass bucket.

Pure solvent vapor is fed to the measuring cell from a
solvent vaporizer via an inlet valve (V2) to establish a constant
vapor flow through the cell. The flow is on the order of 0.1
(mbar L)/s to not affect the accuracy of the weight measure-
ment but to be still at least 3 orders of magnitude higher than
the leakage rate. Any air entering the measuring cell or the
solvent vaporizer is therefore effectively removed from the
equipment. An outlet control valve (V3) (MKS Type 248A) at
the lower end of the cell keeps the pressure around the sample
constant. The pressure in the cell is measured using a
capacitive pressure transducer (MKS Baratron Type 621C)
which is kept at a constant temperature of 150 °C. Thus, there
is no condensation in the pressure transducer, and the
temperature dependence of the transducer accuracy is avoided,
resulting in an accuracy for the pressure measurement of
(0.5% of the reading. This is especially important in the low-
pressure range, where solubilities of solvents in glassy poly-
mers are of interest. The pressure in the cell can be kept
constant better than (0.1 mbar between 0.1 and 1330 mbar.

The temperature of the cell is controlled by means of an air
thermostat bath, which has heating and cooling devices to keep
the temperature constant to better than (0.05 K between 20
and 150 °C. An air thermostat has the advantage that parts
of the cell can easily be connected and disconnected and small
temperature fluctuations in the air do not immediately influ-
ence the solvent temperature in the cell due to a low heat-
transfer coefficient. The temperature in the double-walled
solvent vaporizer is controlled by means of a conventional
liquid thermostat. Temperatures in the vaporizer and the cell,
directly below the sample, are measured using calibrated
PT100 with an accuracy of (0.05 K.

The cell and the vaporizer can each be evacuated via two
connections to a vacuum pump. A computer records cell
temperature, pressure, and the weight of the sample auto-
matically.

Materials. Polystyrene was obtained from Gefinex with Mw

) 280 000 g/mol and Mw/Mn ) 2.94. The glass-transition
temperature, obtained from DSC measurements, was about
Tg ) 105 °C. Poly(dimethylsiloxane) (PDMS) was obtained
from GE Bayer Silicones with Mw ) 60 000 g/mol and Mw/Mn

∼ 3. Toluene and n-pentane were obtained from Merck with a
purity better than 99.9% and 99.5%, respectively, and were
further degassed by three successive freezing-evacuation-
melting steps before being filled into the solvent vaporizer.

Film Preparation. The polymer films of thicknesses
between 20 and 100 µm were prepared by casting from 23 to

Figure 1. Flow sheet of the sorption apparatus.
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60 mass % toluene solutions on a glass surface with subse-
quent flattening by means of a four-sided applicator exhibiting
a slit of defined height (200, 500 µm) between glass and
applicator surface. Desired film thicknesses could be obtained
by varying solution concentration and slit height. The films
were then put into a vacuum oven, and a small constant
stream of air was applied to slowly remove the evaporating
toluene from the polymer. After 48 h the temperature of the
oven was raised to 120 °C, above the glass-transition temper-
ature of the pure PS, to enhance the toluene removal from
the film. After another 48 h vacuum was applied in order to
remove the last solvent from the films. To obtain annealed
films of reproducible quality, the oven was switched off after
24 h, and the film traversed the glass transition with temper-
ature decreasing by 0.43 °C/min.

After removing from the oven, the films were immersed in
warm water and easily detached from the glass surface. Pieces
in the size of 25 × 90 mm or 18 × 18 mm were cut from the
raw films. The latter size was used to fit the film into the
bottom of the small glass bucket, in case measurements far
above the glass transition where performed (110 °C). In this
case the 18 × 18 mm sheet was laid onto the bottom of the
glass bucket and heated to 120 °C in the oven under vacuum
a second time. After 2 h at those conditions, the oven was
switched off again to obtain the same cooling rate as before.
Doing this, the film attached itself again to the glass. Thus,
the sorption experiment was carried out as a diffusion from
one side into the film. All films exhibited a thickness variation
of no more than (1.5 µm over the whole film measured by
QuaNix1200 (accuracy (1 µm + 2% Rdg).

No traces of toluene could be found in the films neither by
IR spectroscopy nor by any weight decrease of the films
observed under vacuum in the sorption equipment for several
days.

For the PDMS measurements a glass bucket was used as
well. PDMS was degassed in the sorption equipment directly,
prior to the measurement.

Experimental Procedure. For the measurement of a
specific isotherm and the corresponding sorption curves, two
experiments are necessary. One is the actual sorption mea-
surement, and the second is exactly the same experiment
without the sample. This is done to correct for buoyancy and
solvent adsorption effects on the suspension magnet and any
inner parts of the magnetic coupling which are lifted together
with the sample. Both experiments are performed identically
as interval sorption runs.

After heating and evacuation of the system, the vaporizer
is filled and subsequently heated to 1 K below the cell
temperature to avoid condensation in the piping and the valves
to the cell. After being sure that no solvent is present in the
polymer sample from the film preparation (constant weight
for at least 3 days), the pressure in the cell is stepwise
increased. For this, the outlet valve V3 is closed and the inlet
valves V1 and V2 are opened. If the set-point pressure is
reached, the inlet valve V2 is set back to a position where the
desired flow (see above) is achieved and the pressure control
is set back into operation. Pressure steps could therefore be
established within less than 20 or 30 s for small (<10 mbar)
or large pressure steps (>10 mbar), respectively. The next
pressure step followed when there was no visible weight
increase for 4 days during sorption measurements. For the
preceding measurement without sample, the next pressure
step followed after 20-30 min.

For long runs, the vaporizer had to be refilled. In this case
at the end of a sorption run, where there was basically no
change in the mass of the sample, the cell was isolated by
closing inlet valve V1 and outlet valve V3; the vaporizer was
evacuated and refilled again. Finally, V1 and V3 were opened
again, and the pressure control was switched on again. During
this procedure (30-40 min) no changes in mass of the sample
or in cell pressure were observed. This clearly was an
experimental proof during each experiment: neither did the
constant vapor stream effect the weight measurement by the
balance nor was there a substantial leak into the measuring
cell.

Results and Discussion

Vapor-Liquid-Equilibria (VLE). The first mea-
surements were performed with the system n-pentane-
PDMS to check for the proper working of the equipment.
Exactly the same polymer was chosen for these mea-
surements as Pfohl et al. used in their investigation.5
The comparison of the VLE data at 35 and 90 °C (Figure
2) shows complete agreement of the data measured by
Pfohl et al. using the pressure decay method and the
data measured in this work.

Having been assured that accurate data are measured
with the new equipment, new data were measured for
the system toluene-PS. Figure 3 shows the VLE data
measured at 115, 110, 80, and 70 °C.

The shape of the sorption isotherms in Figure 3
clearly shows the well-known behavior for polymer-
solvent VLE above the glass transition in a rubbery
polymer condition. The bubble-point curve is a mono-
tonically increasing function of the solvent weight
fraction, the second derivative always being negative
and the whole curve thus being concave to the weight-
fraction axis. Although the first point of the 80 °C

Figure 2. Experimental VLE data (vapor pressure as a
function of solvent weight fraction) for n-pentane-PDMS for
35 and 90 °C.

Figure 3. Experimental VLE data (vapor pressure as a
function of solvent weight fraction) for toluene-PS at (a) 115,
110, 80, and 70 °C; (b) 110 °C and comparison with data from
Wang68 and Ni.44
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isotherm and the first two of the 70 °C isotherm lie
presumably below the glass transition, the shape of the
isotherms seems not influenced.

Comparison with literature data (Figure 3) shows that
the solubilities are slightly higher than the available
literature data. This might be due to the fact that the
polystyrene used in this work is a commercial product
and not identical with the samples used by Ni44 and
Wang.68

To distinguish whether the polymer is in the rubbery
state or still in the glassy state, the concentration
dependence of the glass-transition temperature
was estimated using a formula derived by Kelly and
Bueche:45

Tg1 and Tg2 are the glass-transition temperatures of the
solvent and the pure polymer, respectively. RS is the
thermal expansion coefficient of the pure solvent, and
φ1 is the solvent volume fraction, which under the
assumption of no excess volume is related to the solvent
weight fraction w1 as follows:

v01 and v02 are the specific volumes of the solvent and
the polymer, respectively. They are calculated at the
pressure p and temperature T of the mixture using an
empirical correlation46 for v01 in cm3/g:

and the Tait equation47 for v02 in cm3/g:

with

and

The temperature and pressure in eqs 2-6 are to be used
in kelvin and pascal, respectively. In all calculations
below the glass transition it turned out to have almost
no effect on whether the experimental specific volume
of the glassy polymer or the extrapolated value from the
rubbery polymer (Tait equation) was used. Therefore,
all specific polymer volumes throughout this work were
calculated using the Tait equation (4).

All parameters used in those calculations are listed
in Table 1.

To model the VLE behavior of the toluene-PS system,
the simple Flory-Huggins equation was chosen.49 The
Poynting correction Π01

LV ) 1 and the ratio of the
fugacity coefficients æi

V/æ0i
LV ) 1 were neglected. The

resulting phase-equilibrium equation is

The calculations were performed using a constant
interaction parameter ø. The results represent the
experimental pressures in Figure 3 within an average
relative error of 0.18%. The parameters used for the
calculations are listed in Table 2.

In contrast to the isotherms for 110, 80, and 70 °C,
the shape of the sorption isotherm changes when the
temperature is decreased to 30 °C (Figure 4).

The first two points of the isotherm in Figure 4 lie
below the calculated data using the Flory-Huggins
model. They indicate a slight S-shaped form of the
sorption isotherm showing an initial convex curvature
of the isotherm toward the weight-fraction axis. This
convex curvature of an isotherm is well-known from gas
solubilities in glassy polymers1 and is mostly explained
using the dual-mode sorption model. According to this
theory, the initial convex part of the isotherm is due to
a Langmuir-type adsorption of gas molecules in small
microvoids, trapped in the rigid glassy structure of the
polymer. But neither the dual-mode sorption model nor
the simple Flory-Huggins equation is capable of de-
scribing an S-shaped sorption isotherm, as is shown in
Figure 4. The dual-mode sorption model only captures
the initial convex form of the isotherm. This is due to
the fact that the assumption of a linear Henry absorp-
tion is violated at higher concentrations. On the other
hand, the simple Flory-Huggins model is not able to
predict the convex form at low concentrations, but it
captures the part at higher concentrations (rubbery
polymer) correctly.

Therefore, in recent years considerable effort has been
made to develop models to describe solubilities of gases
and vapors in glassy polymers.57-59,62 For example, the
NELF model of Doghieri and Sarti59 takes into account
the nonequilibrium structure of the glass using the
partial polymer density as an order parameter. Through

Table 1. Parameters for the Calculation of Tg and the
Specific Volumes v01 and v02

Tg parameters
eq 1

v01 parameters46

eq 3
v02 parameters47

eqs 4-6

Tg1 ) -156.15 °C47 A ) 0.88257 A0 ) 0.9287 cm3/g
Tg2 ) 105 °C (DSC) B ) 0.27108 A1 ) 5.131 × 10-4 cm3/(g K)
RS ) 0.001067 1/K48 C ) 591.79 B0 ) 216.9 MPa

D ) 0.29889 B1 ) 3.319 × 10-3 1/K
M1 ) 92.14 g/mol

Table 2. Parameters for Toluene-PS Used for the
Modeling of the Isotherms (Figures 3 and 4)

T [°C] ø parameter p01
LV [mbar]

30 0.296 48.7
70 0.291 270.8
80 0.294 387.1

110 0.243 992.2
115 0.267 1141.9

Figure 4. Experimental VLE data (vapor pressure as a
function of solvent weight fraction) for toluene-PS at 30 °C.

Tg )
4.8 × 10-4(1 - φ1)Tg1 + RSφ1Tg2

4.8 × 10-4(1 - φ1) + RSφ1

(1)

w1 )
v01

-1(T,p)φ1

v02
-1(T,p) + φ1(v01

-1(T,p) - v02
-1(T,p))

(2)

v01(T) )
1000/M1

A/B[1+(1-T/C)D]
(3)

v02(T,p) ) v(T,0)[1 - 0.0894 ln(1 + p
B(T))] (4)

v(T,0) ) A0 + A1(T - 273.15) (5)

B(T) ) B0 exp[-B1(T - 273.15)] (6)

p ) p01
LV

φ1 exp{(1 - φ1) + ø(1 - φ1)
2} (7)
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an appropriate kinetic evolution of this parameter, they
are able to describe solubilities in glassy polymers, e.g.,
the initial convex curvature of the isotherm for CO2-
polycarbonate.

Another model was developed by Vrentas et al.62 Like
Doghieri et al., they assume a continuous change in the
structure of the polymer from a nonequilibrium config-
uration of the dry polymer to the equilibrium liquid
structure at the concentration of the glass transition of
the mixture. This is represented in the model by means
of a concentration-dependent specific Gibbs free energy
of the nonequilibrium polymer glass. Using the Flory-
Huggins expression for the Gibbs free energy of mixing,
they arrive at a phase equilibrium equation similar to
eq 7:

with

Here M1 is the molar mass of the solvent, and cp - cpg
is the difference of the specific isobaric molar heat
capacities of the melt and the glass, respectively. The
parameter A originates from the assumption of a linear
decrease of the glass-transition temperature of the
mixture with solvent concentration:

From Figure 4 it can be seen that a proper description
of the measured isotherm at 30 °C is possible using the
parameters listed in Table 3. The difference of the
isobaric heat capacities was set to 40% of the experi-
mental value in order to fit the isotherm data. Other-
wise, the calculated isotherm would have shown an even
more pronounced S-shaped form.

All measured VLE data of the system toluene-
polystyrene are listed in Table 4.

Diffusion. Figure 5 shows the sorption curves of the
interval sorption measurements of toluene in a PS film
of 100 µm thickness at 110 °C. Here W, the solvent mass
relative to the dry polymer mass, is plotted vs the square
root of the experimental time. Each sorption step is
starting at the final mass uptake of the previous step
and the experimental time t ) 0.

All curves exhibit a linear initial slope until they bend
to the equilibrium mass uptake. This behavior is one
key criterion for Fickian diffusion.36 Because the change
in mass uptake in every sorption step is not more than
∆W ) 0.01, it should be possible to deduct a mean
diffusion coefficient from each curve.50

For this purpose each sorption curve is plotted as m(t)/
m∞ over t1/2 as shown again for the 150-200 mbar step
in Figure 6. m(t) is the actual mass uptake in this step

at time t, and m∞ is the final mass uptake in this
sorption step.

Crank51 solved Fick’s second law of diffusion for a
constant diffusion coefficient for a free-standing film of

Table 3. Additional Parameters Used for the Modeling of
the 30 °C Isotherm for Toluene-PS with the Vrentas

Model (Figure 4)

parameter value

M1 92.14 g/mol
cp - cpg 0.107 J/(g K)
A 650 K

p ) p01
LV

φ1 exp{(1 - φ1) + ø(1 - φ1)
2}eF (8)

F )
M1w2

2(cp + cpg)A
RT ( T

Tg
- 1) for T < Tg

F ) 0 for T g Tg (9)

Tg ) Tg2 - Aw1 (10)

Table 4. Experimental VLE Data for Toluene-PS

T [°C]
w

[gtol/gtotal]a p [mbar] T [°C]
w

[gtol/gtotal]b p [mbar]

30 0 0 110 0 0.0
0.0853 14 0.0104 50.0
0.0911 15.5 0.0220 100.0
0.1068 18.5 0.0290 125.0
0.1151 19.8 0.0355 149.9
0.1256 21.1 0.0492 199.9
0.1368 22.6 0.0640 249.9
0.1491 24.1 0.0794 299.8
0.1622 25.6 0.0954 350.0
0.1759 27.1 0.1128 400.0
0.1905 28.6 0.1312 449.8
0.2061 30.1 0.1522 500.0
0.2234 31.6 0.1748 550.0
0.2414 33.1 0.1996 600.1

0.2275 650.0
70 0 0 0.2595 700.1

0.0215 25.0
0.0443 50.0 115 0 0
0.0700 75.0 0.0039 20.0
0.0993 100.0 0.0096 49.8
0.1327 125.0 0.0200 99.9

0.0305 150.0
80 0 0

0.0298 49.9
0.0642 100.0
0.1043 149.8

a The uncertainty in the solvent weight fraction w calculated
from error propagation for the toluene-PS measurements at 30,
70, and 80 °C is ∆w ) (0.001, ∆w ) (0.0007, and ∆w ) (0.0006,
respectively. b The uncertainty in the solvent weight fraction w
calculated from error propagation for the toluene-PS measure-
ments at 110 and 115 °C is ∆w ) (0.002 and ∆w ) (0.0008,
respectively.

Figure 5. Experimental interval sorption curves for toluene-
PS at 110°C; pressure steps up to 400 mbar.
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film thickness d which is exposed to sudden increase of
the surface concentration on both sides.

In this equation d is the film thickness at the beginning
of this sorption step and D is the mean diffusion
coefficient. If the film is exposed to a higher surface
concentration only from one side, like the 110 °C
experiments in this work, eq 11 still holds, if twice the
film thickness d is used.

Assuming the film thickness d is constant for each
individual sorption interval, the mean diffusion coef-
ficient D can be fitted to each experimental sorption
curve.

For each sorption step, a new film thickness d is
calculated using the volume fraction φ1 of dissolved
solvent from the preceding step, following eq 12.

This equation was derived under the assumption of no
excess volume (vE ) 0) and isotropic three-dimensional
swelling. The volume fraction φ1 is easily calculated
from the solvent weight fraction w1 using eq 2. The
modeling results using eq 11 for the step from 150 to
200 mbar are shown in Figure 6 as well.

Doing this for each individual sorption step, one ends
up with a mean diffusion coefficient D for every weight
fraction interval. To assign the diffusion coefficient to
a specific weight fraction, the method of Vrentas et al.50

is used. For an increasing diffusion coefficient which
does not increase more than a factor of 20 in one
sorption step, they propose to use the following assign-
ment:

For a decreasing diffusion coefficient the assignment is

This procedure promises to make less than 5% error
in the assignment for the given conditions. Figure 7
shows the semilogarithmic plot of the diffusion coef-
ficient vs the solvent weight fraction at 110 °C. The
diffusion coefficients for 80, 70, and 30 °C in Figure 7
are fitted to sorption curves at the respective temper-
ature which exhibited Fickian diffusion behavior using
the same procedure as described before.

All experimental diffusion coefficients obtained in this
work are listed in Table 5.

Comparison of our data with diffusion coefficients
measured by Ni44 shows good agreement. The scattering
in the higher diffusion coefficient range around 10-6

cm2/s in our data is certainly due to the relatively fast
sorption process in the sample film of 100 µm initial film
thickness. Only a few data points could be collected until
equilibrium had been reached at that concentration.

Below the glass transition a certain sequence of
different sorption features for the interval sorption
measurements from low to high concentrations is ex-
pected. For amorphous polymer-solvent systems this
sequence of sorption curve shapes is52,53

Figure 8 shows the experimental sorption curves for
the toluene-PS system at 70 °C for a film of 46 µm
initial thickness. Here a transition from pseudo-Fickian
f sigmoid f pseudo-Fickian f Fickian is observed. It
can be assumed that the film thickness as well as the
pressure steps was too large to observe the two-stage
behavior, and therefore the sigmoid part of the second
stage is dominating this second interval sorption step.
Nonetheless, the first sigmoid part of the sequence is
missing, too.

The sorption curves for the interval measurements
at 30 °C with a film of 29 µm initial thickness show all
of the expected features (Figures 9 and 10).

Figure 6. Experimental interval sorption curve and calcula-
tion (eq 8) for toluene-PS at 110 °C.

Figure 7. Diffusion coefficients for toluene in PS at 115, 110,
80, 70, and 30 °C as a function of toluene weight fraction
(calculated for regions where Fickian diffusion was observed).

Table 5. Calculated Fickian Diffusion Coefficients for
Toluene-PS

T [°C]
w

[gtol/gtotal]
D [cm2/s]
× 10-8 T [°C]

w
[gtol/gtotal]

D [cm2/s]
× 10-8

30 0.1454 0.28 110 0.0079 0.08
0.1582 0.59 0.0195 0.21
0.1717 0.73 0.0279 0.31
0.1861 0.82 0.0346 0.62
0.2015 0.90 0.0460 1.3
0.2158 0.76 0.0604 3.2
0.2335 0.66 0.0756 6.5

0.0914 12
70 0.0150 0.00074 0.1085 21

0.0623 0.045 0.1413 49
0.0905 0.48 0.1689 54
0.1227 2.6 0.1930 70

0.2161 60
80 0.0539 0.095 0.2508 71

0.0923 1.5
115 0.0028 0.12

0.0079 0.15
0.0169 0.29
0.0273 0.63

sigmoid f pseudo-Fickian f two-stage f
pseudo-Fickian f Fickian

m(t)

m∞

) 1 - ∑
n)0

∞ 8

(2n + 1)2π2
exp{-

D(2n + 1)2π2t

d2 }
(11)

d )
d0

x31 - φ1

(12)

w1 ) w1,start + 0.7(w1,end - w1,start) (13)

w1 ) w1,start + 0.56(w1,end - w1,start) (14)
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A first big sigmoid step (0-14 mbar) is followed by a
more or less straight line (14-15.5 mbar, pseudo-
Fickian). The next following four steps are separately
displayed in Figure 10, where it is clearly seen that after
a small initial linear part of the sorption curve a second
sigmoid part concludes the sorption step from 15.5 to
18.5 mbar. This is well-known as two-stage sorption
behavior. The next step (Figure 10b) looks almost
Fickian, the second sigmoid part of the two-stage
sorption curve having advanced to shorter times and
more and more masking the initial linear part. The next

two sorption curves (Figure 10c,d) have a slightly more
visible S-shaped form than the preceding step, the latter
exhibiting a very slow approach toward the equilibrium
concentration. The step from 22.6 to 24.1 mbar is
already of the Fickian type.

Those transitions between the different non-Fickian
diffusion features are similar to the ones observed for
benzene and ethylbenzene diffusing into amorphous
polystyrene. Odani et al.52 observed a direct transition
from the two-stage sorption to Fickian sorption curves
during benzene diffusion into polystyrene. Billovits et
al.,11 taking very small concentration intervals, showed
that for ethylbenzene diffusing into polystyrene there
is a range of slightly S-shaped sorption curves between
in the transition from two-stage sorption to Fickian
sorption curves.

The reason for non-Fickian diffusion behavior is
generally assumed to be twofold:36,53 On one hand, the
characteristic relaxation time of the viscoelastic swelling
of the polymer comes close to the characteristic diffusion
time. This means that the swelling influences the mass
transport, e.g., by changing the solubility or the diffu-
sion coefficient with time. On the other hand, the
concentration profiles lead to different swelling poten-
tials across the film. To compensate for those, dif-
ferential swelling stresses develop across the film; e.g.,
surface elements are compressed and inner elements are
extended.

Both effects usually occur together, but there are
certain conditions where the one or the other can be
neglected.53 In interval sorption measurements with
small concentration changes at medium concentrations
(two-stage and pseudo-Fickian features) in the sample
the absence of differential swelling stresses is generally
assumed. For example, the first Fickian uptake of the
two-stage sorption can be explained by ordinary diffu-
sion into an elastic swelling polymeric matrix until the
matrix is more or less completely filled with solvent. In
the second stage the polymer matrix relaxes or swells
into its equilibrium configuration, slowly allowing ad-
ditional solvent to enter the polymer until the final
equilibrium is achieved. This has been shown experi-
mentally by Long et al.60

If the polymer relaxation is the dominant feature for
the sorption uptake, the characteristic relaxation time
τ* can be determined by τ* ) 2t*, where t* is the time
at the inflection point of the corresponding sorption
curve.69 Odani et al.52,70 investigated the relaxation
times of PS with ethyl acetate, methyl ethyl ketone
(MEK), and benzene. They found a much steeper
decrease of the characteristic relaxation time with
concentration in amorphous PS compared to semicrys-
talline polymers. Concerning different solvents with
similar molar volumes, they found the shorter relax-
ation times for the less soluble penetrant.

If the experimental results of this study are analyzed
along the lines of Odani et al., it is found that the slope
of t* with initial concentration for the intermediate
intervals from 15.5 to 21.1 mbar is approximately the
one measured from Odani et al.52 for an amorphous PS.
As the solubility of toluene in PS lies between that of
MEK and benzene, it is shown that time t* is between
that of MEK and benzene as well (Figure 11), which is
in line with the findings of Odani et al. This is the case
although the temperature in this study is 5 K higher
than in Odani’s investigation.

Figure 8. Experimental interval sorption curves for toluene-
PS at 70 °C; glass transition calculated using eq 1.

Figure 9. Experimental interval sorption curves for toluene-
PS at 30 °C; steps up to 25.8 mbar; glass transition calculated
using eq 1.
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To judge whether an individual sorption step can be
described with a single and constant relaxation time,
the analysis of Petropoulos et al.71 is applied. Plotting
the four sorption curves from 15.5 to 22.6 mbar as ln(1
- m(t)/m∞) vs time t, the sorption curves exhibit first-
order kinetics for short times (linear slope in Figure 12)
but some deviation from this at long times.

The two-stage sorption step from 15.5 to 18.5 mbar
shows a pronounced curvature toward the time axis at
the end (Figure 12a). Following Petropoulos et al., those
deviations are attributable to a marked concentration
dependence of the corresponding relaxation time. This
two-stage sorption step therefore cannot be described
with a concentration-independent relaxation time due

to the relatively large concentration interval used. The
curvature of the two following sorption steps (Figure
12b) is almost negligible; thus, those curves should be
properly described by a single constant relaxation time.
The last sorption step in Figure 12b shows the opposite
curvature toward the end. Petropoulos et al. showed
that this behavior follows from a spectrum of relaxation
times. The corresponding feature in the sorption curve
(Figure 10d) is the slow creep toward the equilibrium
concentration. This behavior was observed by Billovits
et al. during their investigation of ethylbenzene sorption
into PS, and they were later able to model the shape of
this sorption curve by introducing a second constant
relaxation time.72

Figure 10. Experimental interval sorption curves for toluene-PS at 30 °C; steps from 15.5 to 22.6 mbar.

Figure 11. Comparison of sorption of different solvents in
polystyrene; data from this work (filled symbols), data from
Odani et al.52 (open symbols). (a) Logarithmic correlation plot
of t* and initial solvent concentration W. (b) VLE data of the
corresponding systems.

Figure 12. First-order kinetic analyses of the sorption
curves: (a) pressure interval from 15.5 to 18.5 mbar; (b)
pressure intervals from 18.5 to 22.6 mbar. The last two curves
have been displaced along the time axis for clarity by τ ) 2000
min and τ ) 2500 min, respectively.
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Another interesting feature is the slight overshoot in
the sorption curves for the intermediate pressure steps
from 15.5 to 21.1 mbar. A similar behavior was previ-
ously observed in semicrystalline polymers54 where
solvent ingress into an amorphous polymer phase
enhances the mobility of the polymer chains so that
crystallization in the amorphous phase can take place.
Because of this decrease of the amount of amorphous
phase in the polymer, solvent molecules previously
within this part of the polymer have to leave the
polymer structure. Furthermore, Hong et al.61 presented
experimental evidence for overshoots due to a solvent
induced order-disorder transition in a block copolymer
system.

Baird et al.56 observed overshoots also in the system
n-pentane-polystyrene and attributed those to the
development of small microvoids which formed in the
unrelaxed glassy core ahead of the CASEII front.

Vrentas et al.55 observed these overshoots in the
system PEMA-ethylbenzene in the rubbery state and
attributed this behavior to a temporarily oversaturated
polymer, which is relaxing to its equilibrium conforma-
tion and therewith slowly rejects the solvent molecules.
This is possibly due to the relatively slow relaxation of
the PEMA chains compared to the diffusion of ethyl-
benzene into the film.

The overshoots in this study cannot be caused by
solvent-induced crystallization because the polystyrene
used here was an amorphous polystyrene, with a rather
high molecular weight, which does not crystallize.
Furthermore, there is no indication that the small
pressure steps used in this work induced any crack or
microvoid formation in the polymer structure. An
explanation for the sorption overshoots observed in this
work along the line of argument of Vrentas et al. seems
the most reasonable although no final proof can be given
at this point.

Conclusions
It was shown that reliable experimental results can

be obtained with a new gravimetric sorption equipment.
It is especially capable of performing the necessary long
measurements in the glassy and the glass-transition
region of polymer solvent systems.

For the system toluene-PS, VLE data were measured
in the temperature range from 30 to 110 °C. The
sorption isotherms above the glass transition exhibit the
classical behavior, whereas far below the glass transi-
tion a slightly S-shaped sorption isotherm is found.

Above the glass transition, diffusion coefficients were
determined from the mass uptake curves. Below the
glass transition the sorption kinetics show pronounced
anomalous or non-Fickian diffusion characteristics (sig-
moid, two-stage). The concentration dependence of the
characteristic relaxation time was found to be a steep
function of solvent concentration. There is some indica-
tion of a second relaxation time being present at the
transition to the Fickian diffusion regime. Sorption
overshoots are found in a small range of experimental
conditions.
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