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ABSTRACT: The non-Fickian sorption kinetics of metha-
nol vapor in poly(methyl methacrylate) films 8 and 51 um
thick at 25°C are presented. The behavior of the system was
studied in series of interval and integral absorption runs.
The relevant diffusion coefficient and viscous relaxation pro-
cesses were studied separately by kinetic analysis of the first
and second stages of sorption kinetic curves. The sorption
isotherm concaved upward at high activities, this being
typical of Flory-Huggins behavior, whereas it exhibited a
convex-upward curvature at low methanol vapor activities,
this indicating sorption in the excess free volume of the

polymer matrix. After excess free-volume fill-up, the con-
centration dependence of the diffusion coefficient was found
to be well represented by the free-volume theory of Vrentas
and Duda. Relaxation frequencies calculated from the sec-
ond stage of two-stage curves exhibited a weak dependence
on the concentration. Integral sorption experiments indi-
cated that the system exhibited nearly case II kinetics at high
methanol vapor activities. © 2005 Wiley Periodicals, Inc. ] Appl
Polym Sci 97: 1184-1195, 2005
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INTRODUCTION

The drying of polymer membranes, the dry spinning
of fibers, the coating of substrates with polymers, and
many other industrial processes depend on non-Fick-
ian diffusion of organic solvents in polymers. This also
applies to polymer industry product design, including
food packaging materials, separation membranes, and
controlled-drug-release systems. Clearly, an in-depth
understanding of the anomalous sorption process
would offer a great advantage to the polymer indus-
try.

Sorption kinetic experiments are the most common
way of studying the diffusion of various vapor or gas
penetrants in polymeric materials. Such experiments
are carried out by immerging a thin polymer film of
thickness [ in a given penetrant atmosphere, at con-
stant pressure (activity) and temperature. To obtain an
absorption (desorption) curve, after thermodynamic
equilibrium has been achieved, one must raise (lower)
the vapor pressure of the penetrant from its initial
value (p;) to a final constant value (py) and record the
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mass gain (loss) of the film [instant sorbed mass (Q;)]
as a function of time (f) until a new equilibrium is
achieved (at t — ). Fickian sorption is characterized
by initially linear curves on a plot of reduced mass
(Q,/Q.,, where Q,, is the total sorbed mass at the final
equilibrium) versus the reduced time (tY/2/1), which
coincide for films of different thicknesses.

A series of workers [Mandelkern and Long (1951),
Kokes, Long, and Hoard (1952), Drechsel, Hoard, and
Long (1953), Long and Kokes (1953), and Park (1952
and 1953); see ref. 1] concluded that non-Fickian sorp-
tion processes were observed when a given polymer—
penetrant mixture was studied at a temperature below
the glass-transition point of the system. Non-Fickian
diffusion is best studied in a series of successive inter-
val absorption experiments. According to this experi-
mental protocol, an initially dry film is subjected to a
series of successive absorption runs covering rela-
tively narrow vapor pressure intervals (Ap = p; — p)),
with pyfor one run serving as p; for the next one. Odani
and coworkers®™ studied extensively a significant
number of glassy-polymer/organic-vapor systems
that exhibited non-Fickian kinetic behavior, and they
observed a well-defined pattern in the Q,/Q.—~t'/>
curves as p; increased. The most complete form of this
pattern, proposed by Fujita, consists of the following
steps:

S-shaped — Pseudo-Fickian — Two-stage

— Pseudo-Fickian (or s-shaped) — Fickian
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They also reported several deviations from this pat-
tern, which have also been observed in subsequent
studies of other systems.®'° The standard feature of
all studies is the transition to two-stage curves with
rising p;. Non-Fickian diffusion is also studied in inte-
gral sorption experiments, where p; is 0 and py is
comparatively large. In this case, S-shaped absorption
curves are usually observed, and they initially lie be-
low and then cross the corresponding desorption ones
(convex upward).

Non-Fickian kinetic behavior is interpreted in terms
of (1) the viscoelastic response of the glassy polymer to
the osmotic stress induced by the penetrant’'°~'* or
(2) the longitudinal differential swelling stresses in-
duced by (and closely following the buildup or decay
of) the concentration gradients that develop across the
film during the sorption process.'®''>1¢ In reality,
both mechanisms are expected to operate during a
sorption experiment, but the former is most com-
monly adopted for the interpretation of anomalous
kinetic behavior. Viscous relaxation is clearly mani-
fested in two-stage sorption kinetics, in which the first
stage corresponds to limited sorption and subsequent
diffusion into the elastically swelling or unrelaxed
polymer up to a quasi-equilibrium and the second
stage is the result of long-range chain rearrangements,
which permit further (delayed or viscous) swelling
and are slow on the diffusion timescale. The rate of
viscous relaxation (governed by the relaxation fre-
quency, B, or reciprocal relaxation time, 7 = 1/8) with
respect to that of the diffusion process (governed by
D/I?, where D is the diffusivity of the penetrant in the
polymer) is expressed by the dimensionless parameter
BI?/D (or by its reciprocal, the diffusion Deborah num-
ber 7D/P%). The condition B*/D — % or pP/D — 0
results in Fickian diffusion within the purely relaxed or
purely unrelaxed polymer matrix, respectively. The con-
dition for a two-stage behavior, with well-separated first
and second stages, is BI2/D < 1. In this case, the relevant
diffusion and the viscous relaxation processes can be
studied independently of each another, under conditions
of negligible differential swelling stresses, as a result of
the absence of significant concentrations gradients. The
results obtained by this type of analysis indicate that the
behavior of 8 with the concentration is complex. Thus,
the work of Fujita and coworkers® * indicates that 8 is in
general a function of the penetrant concentration (C) as
well as the concentration interval of the sorption run
(AC). On the other hand, two-stage sorption data of
acetone, as well as methanol (MeOH), in cellulose ace-
tate”® have revealed a very weak dependence of 8 on C
coupled with substantial dependence of 8 on AC. More-
over, the relevant data of the poly(methyl methacrylate)
(PMMA)-methyl acetate system™” indicate that 8 shows
a very weak, if any, dependence on the concentration as
long as the system remains in the glassy state, but it
becomes increasingly concentration-dependent as the ef-
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fective glass-transition temperature (T,) of the polymer—
penetrant system is approached.

S-shaped absorption curves are expected for values
of BI>/D ~ 1, a condition normally fulfilled in the case
of integral experiments covering relatively large AC
intervals. The S-shape of the Q,~t'/? absorption curves
obtained at the low-concentration end of a series of
interval runs is usually attributed to a viscous relax-
ation process."*'> However, a systematic investiga-
tion of the acetone and MeOH vapors in cellulose
acetate,”® as well as the methyl acetate vapor in
PMMA,® indicates that the curves are diffusion-con-
trolled. It would be of particular interest to investigate
the relevant behavior of other systems.

An extreme case of relaxation-controlled transport,
associated with a sharp concentration profile, is case II
kinetics, in which Q, is linear when plotted on a f scale.
Case II kinetics occur in absorption experiments char-
acterized by (1) a sufficiently large difference of the
penetrant solubility (S = C/a, where a is the penetrant
activity) in the unrelaxed and fully relaxed polymers
and (2) sufficiently large AC values to ensure steep
changes in D and . These conditions are expected to
be fulfilled during absorption from the liquid phase.
The most extensively studied case II system is liquid
MeOH-PMMA at ambient and subambient tempera-
tures (e.g., refs. 17-19). The steep concentration depen-
dence of both D and B, required for the modeling of
this system in terms of viscous relaxation effects, can
be assessed experimentally in a series of interval vapor
sorption experiments, as discussed previously.

In this work, an experimental study of the sorption
kinetic behavior in the PMMA-MeOH vapor system
at 25°C is presented. The system has been extensively
studied with liquid MeOH,'”"? but surprisingly, only
limited data from the vapor phase exist.*> The main
features of non-Fickian kinetics are studied in a series
of interval and integral absorption runs, with particu-
lar emphasis on (1) the investigation of the predomi-
nant transport mechanism in initially dry films with
increasing vapor activity and (2) the kinetic analysis of
two-stage curves to examine separately the diffusion
and relaxation processes in the high-concentration re-
gion.

EXPERIMENTAL

PMMA powder, with an average molecular weight of
120,000, supplied by Aldrich (Steinein, Germany, code
no. 18,223-0), was used to prepare the polymer mem-
branes for the PMMA-MeOH system under investi-
gation. Two membranes of different thicknesses (51
pm for M51 and 8 um for M8) were investigated. M51
was prepared by the casting of a 20 wt % solution of
PMMA in acetone (analytical-reagent-grade) onto a
glass plate and leveling with a Gardner knife, whereas
a 10 wt % solution was used for M8. Both membranes
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were removed from the glass plate by immersion in
distilled water.

To remove the residual acetone, M51 was evacuated
for 4 days, and then the temperature was gradually
raised (over a period of 24 h) up to 115°C and kept
constant for a period of 2 h. Finally, the membrane
was gradually cooled to room temperature. T, of M51,
after the treatment, was found to be 117°C, whereas it
was proved to be totally amorphous. Because of the
fragility of the M8 membrane, it was not possible to
repeat the same procedure for the removal of the
residual acetone. Hence, M8 was kept in vacuo for a
period of 40 days, and then the temperature was
raised to 50°C, in vacuo, for another 10 days. T, was
determined to be 119°C, whereas a second analysis of
the same sample resulted in the same T,, which indi-
cated the total removal of acetone. M8 was also found
to be totally amorphous.

Sorption experiments were carried out in a vacuum
apparatus, with an MK2-M5 CI electronics microbal-
ance (Churchfields, UK), with a sensitivity of 0.1 ug,
and an accuracy of 1 ug. The balance operation capa-
bilities extended from vacuum to 20 atm and over a
wide range of temperatures (10-80°C). Sample and
counterweight jacketed tubes were used, both thermo-
stated at the desired temperature, whereas the tem-
perature reading was acquired from within the sample
tube via a K thermocouple. The apparatus feeding
system consisted of a temperature-controlled liquid
MeOH flask, which was connected to a 6-lt ballast
tank, to avoid a significant pressure drop during the
pressure step change. A valve was installed between
the feeding system and the balance inlet. The afore-
mentioned apparatus was installed within a tempera-
ture-controlled chamber, which operated between 20
and 40°C. The drift of the balance during a blank
experiment with an atmosphere of MeOH was found
to be 2.25 X 107 ug/s (<0.2 ug/48 h), whereas the
standard deviation of a statistical sample of 26,069
measurements was found to be 31 ug.

The studied polymer membrane sample and a coun-
terweight of similar mass were suspended from the
corresponding balance phalanx, and the apparatus
was evacuated for 5 days. During this time, sorbed air
and traces of acetone were removed from the sample,
and this resulted in a constant measured mass. For
subsequent sorption experiments, the feeding lines
were disconnected from the balance, and the temper-
ature of the liquid penetrant (vapor source) was set to
the appropriate value to create the desired vapor pres-
sure (pp). When the pressure reached the equilibrium
value, the ballast tank was connected to the balance (¢
= 0). The mass uptake of the sample was recorded by
a computer, with a sampling time of 2-12 s, which
depended on the diffusion rate. After equilibrium was
achieved, the balance was disconnected from the feed-
ing lines, and a new experiment was initiated by rais-
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ing the temperature of the MeOH source to a higher
value to obtain a next step of a given interval series or
by evacuation before a new series of interval sorption
curves or a new integral experiment.

The pressure step changes in a typical series of
interval absorption curves (e.g., series S1, S5, and S6 of
this study) are kept small enough so that the mass gain
of the membrane, due to penetrant absorption, does
not exceed 2% of the dry polymer mass. In that case,
diffusivity may be assumed to be constant during the
sorption run, and the value of the diffusion coefficient
may be calculated for the corresponding range of con-
centration increments caused by the solution of the
penetrant. Furthermore, small step changes of the
pressure in each experiment result in a negligible raise
(drop) of the penetrant atmosphere density, and this
ensures that the buoyancy difference is negligible and
the measured mass change corresponds to the mass
change of the film due to penetrant sorption.

The construction of a typical sorption curve requires
plotting the reduced mass gain (i.e., Q,/Q..) of the film
versus the square root of time (t*/?) or reduced time
(tY2/1). The parameters that can be deduced from a
two-stage sorption experiment are Q.,, the quasi-equi-
librium value (Q,; i.e., the sorbed mass at the end of
the first stage), D (which controls the first stage), and
B (which controls the second stage).

The dry sample M8 used in this sorption study
consisted of four rectangular membranes of PMMA,
each 1.5 cm X 9 cm, with a total weight of 56.4 mg. The
sample M51 was one rectangular (1.5 cm X 7.5 cm)
membrane of PMMA that weighed 62.1 mg. Both sam-
ples could be assumed to be infinite surface media for
one-dimensional molecular diffusion studies as the
ratio of thickness to the smaller surface dimension was
equal to or less than 0.0034. Analytical reagent MeOH
was used as the vapor source. The experiments were
carried out at 25°C and at vapor pressures varying
from 14 to 122 Torr. The chamber temperature was set
10°C above the experimental temperature to ensure
that no vapor condensation would occur in the feed-
ing system. The MeOH saturation pressure was calcu-
lated to be 127.94 Torr at 25°C.*!

RESULTS AND DISCUSSION
Sorption isotherm

Membrane M8, which was most extensively studied,
was initially subjected to three series of interval sorp-
tion runs (S1-S3). The vapor pressure in all three
interval series varied in the range of 0-120 Torr, but
the size of Ap (p; — p;) and hence AC (C; — C;, where C;
is the final concentration and C, is the initial concen-
tration) of each run increased from one series to the
next. Subsequently, M8 was subjected to a series of
integral runs (S4), with p; = 0 (C; = 0) in all runs, but
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Figure 1 Sorption isotherms of MeOH in PMMA at 25°C,
including data from series S1-S5 in M8 and series S6 and S7
in M51. Dashed lines L1 and L2 have been drawn through
the data of series S1 and S2-S5, respectively.

different p; (and hence AC = C)) values. Finally, a fifth
series (S5) with pressure steps similar to those of S1
was performed to check the effect of the previous
sorption history on the sorption kinetic behavior. The
effect of thickness was also studied in selected interval
(series S6) and integral experiments (series S7) in the
thicker M51 membrane.

The sorption isotherms of MeOH in PMMA, de-
duced from the apparent equilibrium concentrations
of series S1-5S7, are displayed in Figure 1. Similar to
previously reported results for the same system,*” the
sorption isotherms of this system increased sharply at
high vapor activity, this being typical of Flory—Hug-
gins solution behavior, whereas it appears to be con-
cave to the activity axis at a low MeOH pressure, this
indicating the sorption of MeOH vapor in the fixed
microcavities, which constitute the excess free volume
of the glassy PMMA membrane (dual-mode sorp-
tion).”® The equilibrium data obtained from the series
52-S5 fall on the same line (Fig. 1, dashed line L2),
which displays a shift to higher concentration values
in comparison with the line deduced from series S1
equilibrium data (Fig. 1, dashed line L1). This shift
probably reflects the annealing of the membrane
caused by the upholding of the polymer film at high
MeOH concentration values for a long period of time
during the first series of absorption runs. Furthermore,
the Flory-Huggins interaction parameter, deduced
from the high-activity data of series S1, is 1.285,
whereas the one calculated from the high-activity data
of series S5 is shifted to 1.144, a value close enough to
1.1, which is the one deduced from liquid (@ = 1)
penetration experiments in the same system at 24°C.'®
Therefore, it can be assumed that L2 represents the
final sorption isotherm of the MeOH-PMMA system.
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The discrepancy between lines L1 and L2 (Fig. 1) tends
to diminish at the low-concentration end (in the region
of the excess free-volume filling).

The experimental sorption isotherm for M51 con-
curs with the one of the S1 series (L1), with the excep-
tion of the low-activity region (referring to excess free-
volume filling), where a lower amount of excess free
volume in M51, in comparison with M8, is indicated,
probably because of the different preparation and
treatment procedures followed for the two samples.

Interval sorption experiments

Series S1 of interval absorption runs in M8 consists of
10 successive runs (Fig. 2). In contrast to the findings
in most studied systems,'™ the first step of S1 displays
a nearly Fickian character rather than an S-shaped
one. With increasing p;, the nonlinear late-time portion
of the kinetic plots (1) becomes more protracted and
(2) constitutes an increasingly larger part of the overall
curve. As a result, there is a progressive shift from
clearly pseudo-Fickian behavior [S1(2) and S1(3)] to
two-stage behavior, with well-separated first and sec-
ond stages [S1(6) to S1(10)]. The contribution of the
first stage to the overall sorption process decreases
with increasing activity of MeOH vapor, in accor-
dance with previous studies.”” In the case of two-
stage curves, the rate of the first stage increases with p;
(C;), as expected for a diffusion-controlled process
with a concentration-dependent D. On the other hand,
the progressive shift to Fickian behavior found for
other systems at high concentrations,' ® as a result of
a steep increase of the relaxation rate with increasing
pressure, was not observed in this study, and this
indicates that even at the higher concentration reached
the polymer—penetrant mixture is well below its T,.
The effect of the membrane thickness was studied
with a series of seven successive absorption runs (S6),
with Ap intervals similar to those of S1, on a thicker
PMMA membrane (M51). The kinetic pattern followed
in S6 is identical to the one followed in S1 (Fig. 2). A
comparison of the first runs of both membranes [S1(1)
and S6(1)], on a plot of the reduced mass versus the
reduced time (t!72/1), indicates that it is predomi-
nantly diffusion-controlled because there is only a
small discrepancy between the two curves (Fig. 2). In
the following three runs, sorption in M51 exhibits a
better resemblance to Fickian behavior than sorption
in M8. This illustrates the slower diffusion rate (D/[?)
governing sorption in thicker membranes, which al-
lows macromolecular relaxation to occur during the
diffusion-controlled first stage, in accordance with the
fact that the Deborah number for a thick membrane of
a given polymer is lower than the Deborah number of
a thinner one, even if D and 8 remain the same in both
cases (D/Bl; < D/BL if I; > I,). The progressive
separation of diffusion and relaxation processes, as C;
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Figure 2 Comparison of successive absorption kinetic runs of MeOH in amorphous PMMA films of 8 um (S1) and 51 um
(S6) at 25°C. C (g/g) was 0.016 [S1(1)], 0.027 [S1(2)], 0.038 [S1(3)], 0.05 [S1(4)], 0.062 [S1(5)], 0.072 [S1(6)], 0.08 [S1(7)], 0.095

[S1(8)], 0.119 [S1(9)], and 0.14 [S1(10)].

increases, is clearly demonstrated by the correspond-
ing coincidence of M8 and M51 curves at the initially
linear diffusion-controlled part of the sorption curves
and their departure from each other on the late-time
relaxation-controlled stage (Fig. 2).

The effect of increasingly higher AC of sorption runs
is shown in the plots of series S2 (Fig. 3) and S3 (Fig.
4) in M8. Both series follow the pattern established in
51, with the exception of the first run, which exhibits
an indiscernible S-shape in S2 and a distinct one in S3.
Furthermore, the rate of the second stage of two-stage
curves increases with AC, and this results in less well
separated two-stage curves. This is best illustrated by
a comparison of curves S3(3), S2(4), and S1(8) (Fig. 5),
which correspond to approximately the same C; value

(~0.08 g/g) to different AC values (0.052, 0.021, and
0.015 g/g, respectively). It is apparent that the diffu-
sion-controlled stage concurs in all three curves,
whereas the relaxation-controlled stage becomes faster
with increasing AC.

Because of the difference of the sorption isotherm
between S1 and subsequent series S2-54 (Fig. 1), M8
was resubjected to a fifth series of successive absorp-
tion runs (S5), with pressure steps similar to those of
S1 (Fig. 6). Series S5 exhibited close similarity, both in
shape and in rate, with series S1, and this indicated
that the observed shift in the isotherm did not affect
the main futures of the system’s sorption kinetic be-
havior. Furthermore, the equilibrium concentration
data of the S5 series are in good agreement with line



ANOMALOUS SORPTION KINETICS

1189

1,04
0,51 S2(5): 105 - 121 torr
—_
¢ 30
\N
QD 0,54 S2(4): 87 - 105 torr
N’
2]
z 70
S 0,51 S2(3): 62.5 - 87 torr
Q
Ka)
= 0]
w2
= 05 S$2(2): 31.5 - 62.5 torr
o
3 10
()
A o5 S2(1): 0 - 32.5 torr
0,0 . r r : r
0 2500 5000 7500 10000 12500 15000
Reduced time (hr%/cm)

Figure 3 Series S2 of successive absorption kinetic runs of MeOH in amorphous, 8 um PMMA film at 25°C. C, (g/g) was
0.031 [S2(1)], 0.057 [S2(2)], 0.078 [S2(3)], 0.1 [S2(4)], and 0.169 [S2(5)].

L2 (Fig. 1), and this indicates that the sorption iso-
therm shift cannot be attributed to the higher AC
values of series 52-54; therefore, L2 represents the
system’s final isotherm.

Integral sorption experiments

The effect of AC for experiments with C; = 0 was
further studied in series S4 and S7 of integral absorp-
tion runs in M8 and M51, respectively. A comparison
is again made via plotting on a t'/?/I scale (Fig. 7).
Because of the difference between the sorption iso-
therms of M8 (Fig. 1, line L2) and M59 (Fig. 1, line L1),

the compared absorption curves of the two mem-
branes are chosen to refer to the same AC value ( ~Cf),
which does not necessarily correspond to the same Ap
value (py). As already mentioned, for the lowest AC
value studied (Figs. 2 and 7), the Fickian shape of the
absorption curves indicates that the process is pre-
dominantly diffusion-controlled, although there is a
slight thickness effect. Deviation from Fickian kinetics
increases with rising AC (Fig. 7), as evidenced by (1) a
progressively more intense S-shape of the absorption
curves and (2) a more pronounced thickness effect,
with respect to Cy. Furthermore, one may observe that
the inflection point, as well as the equilibrium estab-
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Figure 4 Series S3 of successive absorption kinetic runs of MeOH in amorphous, 8 um PMMA film at 25°C. C, (g/g) was

0.043 [S3(1)], 0.085 [S3(2)], and 0.137 [S3(3)].
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lishment, moves to shorter times as the concentration
difference rises. A simple power law is often used to
quantify deviations from Fickian behavior:'°

Qi/ Q- = kt" )

where 1 has a value of 0.5 for Fickian kinetics under
semi-infinite conditions. Increasing values of n (>0.5)
denote increasing deviations from Fickian kinetics. A
value of n = 1 corresponds to case Il sorption, exhib-
iting an extreme form of relaxation-controlled kinetics.
For 54, the values of n deduced from the slopes of the
relevant In-In plots (Fig. 8) indicate a gradual conver-
sion from Fickian kinetics at low AC to case II kinetic
behavior in the higher AC regime. At the maximum
activity of MeOH vapor (@ = 0.95 — p; = 120 Torr)
attained in this study, the system exhibits nearly case
II kinetics (n =~ 1). The observed approach to case II
kinetics (Fig. 8, pr = 104, 114, and 120 Torr) at the
upper activity end is quite reasonable because it is
well established that the sorption of liquid MeOH (a
= 1) in initially dry PMMA films, at ambient temper-
atures, follows case II kinetics.!”*?

Diffusion coefficient

Constant values of the diffusion coefficient in a poly-
mer-fixed frame of reference (D,) are calculated from
the first stage of the two-stage absorption curves with
the short-time approximation of the diffusion equa-
tion:*

Qi/ Q. = 4Dt/ wl?)'/? (2)

The value of Q, (the amount of the penetrant sorbed at
the quasi-equilibrium) was estimated according to the

DIMOS AND SANOPOULOU

following method proposed by Park.”® A first approx-
imate estimation of Q, was used to calculate a value of
D, [eq. (2)] from the initially linear part of the Q,/Q,~
t'/2 plot. The calculated D, value was used to con-
struct the theoretical Fickian curve, in the range of
0.6 < Q;/Q, < 1, according to the late-time approx-

imation of the diffusion equation:**

8
Q/Q.=1~ sexp(—D,mt/) ©)

The value of Q, was iteratively reduced until the max-
imum D, value was found, which produced a theo-
retical curve that does not cross the experimental one.
D, values were also calculated, according to the same
procedure, from pseudo-Fickian curves (Fig. 9). The
aforementioned criterion for the estimation of Q, (and
consequently D,), though physically meaningful, is
not necessarily very certain, especially in the case of
not well separated first- and second-stage curves.

The diffusion coefficient was evaluated from all the
kinetic curves of the S1, S5, and S6 series and from
most of the pseudo-Fickian and two-stage curves of
the 52 and S3 series, where the initial portion of the
curve is linear and the concentration difference from
the initial value to the pseudo-equilibrium value is
small enough to assume a constant diffusion coeffi-
cient in the studied range. It is apparent that diffusiv-
ity increases with respect to the concentration (Fig. 10).
Interestingly, the D, values deduced at low concentra-
tions (ie., up to G, ~ 0.07 g/g) tend to be more
reproducible than those of the high-concentration re-
gime.

According to the free-volume theory of Vrentas and
Duda, the concentration dependence of the self-diffu-
sion coefficient (D*) is given by**

V* 4+ 0,V
D* = Dy, exp[ _ 'Y(wl 1 ! wsz;)]
Vi

A

Vf kll k12
7:001 7 (k21_Tg1+T)+w2 7 (kZZ_Tg2+T) 4)

where Dy, is an adjustable pre-exponential factor; vy is
the free-volume overlap factor; w; and w, represent
the weight fractions of the penetrant and the polymer,
respectively; V* and V,* are the specific critical local
free volumes required for a penetrant molecule jump
and for a polymer jumping unit displacement, respec-
tively; V; is the specific average free volume of the
mixture; and § is the ratio of the penetrant and poly-
mer critical molar volumes. T, and T, are the glass-
transition temperatures of the penetrant and polymer,
respectively; and kyq, ki,, k»1, and k,, are related to the
Williams-Landel-Ferry constants of the two compo-
nents. D, is related to D* as follows:
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Figure 6 Series S5 of successive absorption kinetic runs of MeOH in amorphous, 8-um PMMA film at 25°C. C, (g/g) was
0.016 [S5(1)], 0.026 [S5(2)], 0.037 [S5(3)], 0.053 [S5(4)], 0.069 [S5(5)], 0.085 [S5(6)], 0.098 [S5(7)], 0.120 [S5(8)], 0.153 [S5(9)], and

0.188 [S5(10)].

dlna
— * _ 3
D, = D*(1 = ¢ - 5)

where ¢, is the penetrant volume fraction. Equation (4)
strictly holds for polymer-penetrant systems above T,
but it has been found to represent reasonably well the
concentration dependence of the diffusivity of glassy
systems relatively close to Tg.9'25 It is interesting to iden-
tify up to what extent eq. (4) is applicable to the exper-
imentally calculated D,’s (Fig. 10). Theoretical values of

D,, at 25°C were calculated by the application of eqgs. (4)

and (5) with k;;/y = 1.17 X 107> em®/g K, ky — Ty
= —479 K, V;* = 0963 cm®/g® ¢ = 0.0675,'° k;,/y
=3.05X 10" *em®/gK, k,, = 80K, V,* = 0.788 cm®/g,¥’
and Ty, = 388 K (as an average T, calculated for the
studied sample). The activity versus the volume frac-
tion derivative [eq. (5)] was estimated from the exper-
imentally determined sorption isotherm (Fig. 1, line
L2), whereas D,; was found to be 2.5 X 107% cm?/s. It
is apparent that the experimentally observed concen-
tration dependence of the diffusivity is reasonably
reproduced by the theoretically calculated diffusivity
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Figure 7 Comparison of the integral absorption kinetic runs (series S4 and S7) of MeOH in PMMA films of two different

thicknesses at 25°C. C; was 0 for all the experiments.

curve (Fig. 10, dashed line) for the studied concentra-
tion range higher than ~0.05 g/g; whereas below this
value, the experimentally observed concentration de-
pendence of D, is less steep than the theoretically
predicted one, as expected from the application of
free-volume theory for the glassy state.*®

Relaxation rate

When the first and second stages of a two-stage sorp-
tion curve are in good separation, it may be assumed
that the second stage represents pure relaxation kinet-
ics. One may calculate 8 by applying the integrated
form of the first-order relaxation kinetic law, repre-
sented by eq. (6), with the assumption that $ is con-
stant:

1-Q1/Q.= (1~ Q,/Q.)exp(— Bt (6)

On the basis of eq. (6), B is represented by the gradient
of the second-stage experimental data, in a plot of
In(1 — Q,/Q.) versus t. Because in this system f is a
function of both C and AC, for the estimation of the
concentration dependence of B, values of the relax-
ation rate were calculated [eq. (6)] from two-stage
curves covering relatively small AC regions. The rele-
vant In(1 — Q,/Q.)-t plots exhibit reasonable confor-
mity to eq. (6) for considerable time periods, but de-
viations were observed at longer times. Accordingly, 8
values were estimated from the initially linear parts of
these plots. Although there are discrepancies between
the results obtained from different sorption series, the
calculated B values clearly indicate that for the studied
system B is an increasing function of C (Fig. 11). Com-
paring the relative increase of the diffusivity and the
relaxation rate values in the concentration range of
two-stage behavior, we find that the concentration
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Figure 8 Integral absorption kinetics (54) of MeOH in amorphous, 8-um PMMA film at 25°C plotted on an In-In scale. p,
(Torr) of each experiment and the exponent 7 [eq. (1)] deduced from the slope of each curve are indicated in the upper and
lower parts of the plot, respectively. The curves have been displaced laterally on the In t scale for the sake of clarity by an
addend of k = 0 (p, = 120), 2 (p; = 114), 3.5 (p; = 104), 5 (p; = 93), 6.2 (p; = 86), 8 (p; = 74), 9.7 (p; = 63), 11 (p; = 37), or 12.5

(py = 15).

dependence of D,, is much stronger than the one pre-
sented by B values. For example, in the concentration
range between 0.06 and 0.10 g/g, diffusivity increases
nearly one order of magnitude, whereas the relaxation
rate increases only by a factor of ~3.

The D, and B values (Figs. 10 and 11, respectively)
obtained from the two-stage experiments were used to
calculate the corresponding BI°/D parameter. Two-
stage curves with well-separated stages [e.g., curves
S1(7)-51(10), Fig. 2] are characterized by values of

BI?/D of the order of 10> (<1). On the other hand, the
1.5 T 1.0
A@ Q I// AS
Q ’ // g
9 1.0 AN T Ty g
g 0.5 2
i, E
> =k Qq g
= o
o 2
Experimental curve
- - - - Fick's Law
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Square root time (hryz)

Figure 9 Calculation procedure for the estimation of Q,
and D,, in the case of a pseudo-Fickian curve (see the text).

gradual merging of the two stages as AC increases
(Fig. 5) is reflected in the increase of BI?/D from the
value of 0.0012 for the S1(8) run to the value of 0.0020
for S2(4). The profound merging of the two stages in
the case of the S3(3) run prevents the calculation of the
relaxation rate parameter with the aforementioned
method.
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Figure 10 Concentration dependence of D, of MeOH in
amorphous PMMA for series S1-S5 in M8 and for series S6
in M51. The calculated D, values were assumed to corre-
spond to the mean concentration of the first stage, where Cq
is the concentration at the pseudo-equilibrium: C,, .., = C; +
0.5(C, — C)). The dashed line represents the diffusivity iso-
therm calculated by the Vrentas-Duda free-volume theory
[egs. (4) and (5)].
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Figure 11 Concentration dependence of B for the amor-
phous PMMA-MeOH system at 25°C deduced from the
second stage of two-stage curves of series S1-S3 and S5 in
MS8 and series S6 in M51. The calculated B values were
assumed to correspond to the mean concentration of the
second stage: Ciyean = G = 0.5(C; — C,). The dashed line
represents a linear regression of the S5 series data.

CONCLUSIONS

The sorption isotherm of the chosen system, in line
with previous studies,® exhibits initially the convex-
upward curvature that characterizes micromolecular
sorption in the excess free volume of the polymer
matrix. The equilibrium data obtained from different
sorption series in M8 indicate that this part of the
isotherm is quite reproducible for both the as-received
and annealed polymers. At higher activities, the sorp-
tion isotherm concaves upward, this being typical of
Flory-Huggins sorption behavior. In this region, dif-
ferences in the equilibrium uptake from the S1 series
(as-received PMMA) to the final system isotherm (52—
S5) appear as a result of the polymer annealing. These
differences in equilibrium sorption do not materially
affect the overall kinetic behavior of the system. The
lower Flory-Huggins parameter value presented by
the L2 isotherm (series S2-S5), compared with the S1
one, represents the aforementioned annealing.

The kinetic pattern followed in the series of interval
runs with relatively small AC values (series S1 and S5 in
MBS and series S6 in M51) shows a progressive shift from
Fickian behavior to pseudo-Fickian behavior and finally
to two-stage behavior with increasing C;. The shift from
pseudo-Fickian kinetics to two-stage kinetics occurs at
concentrations higher than the ones corresponding to the
free-volume-filling region of the sorption isotherm, and
this indicates that the relaxation mechanism becomes
significant when the excess free volume of the polymer
matrix is filled with penetrant molecules. This is also in
line with the fact that considerable discrepancies be-
tween the initial (as-received polymer) and final (an-
nealed polymer) sorption isotherms of M8 occur mainly

DIMOS AND SANOPOULOU

at concentrations exceeding those of the excess free-vol-
ume-filling region. A comparison of the corresponding
two-stage kinetic curves at high concentration with re-
spect to C; and AC, for membranes of different thick-
nesses, on a reduced timescale verifies the diffusion- and
relaxation-controlled nature of the first and second
stages, respectively.

The system’s behavior in experiments with C; = 0 and
increasingly higher AC values indicates that for suffi-
ciently small AC values, the sorption process is predom-
inantly diffusion-controlled and then relaxation-con-
trolled, as shown by the shape of the relevant Q,/Q.—
t'2/1 plots, the negligible discrepancies between
membranes of different thicknesses, and the value of n
[eq. (1)], which tends to 0.5 at the lowest studied p;value
(15 Torr). The same conclusion regarding the predomi-
nant rate-determining process at low concentrations has
been drawn for other glassy-polymer/organic-vapor
systems.”” With increasing AC, the intensification of the
S-shape shown by the relevant kinetic plots and the
increasing discrepancy between M8 and M51 kinetics
indicate that the viscous relaxation effects become im-
portant. Eventually, as shown by kinetic analysis of the
MBS data at the high-concentration end on the basis of a
power law [eq. (1)], the sorption process becomes purely
relaxation-controlled, in line with the well-established
case II sorption of liquid MeOH in PMMA, at ambient
ternpera’tures.”‘19

Two-stage curves with well-separated first and sec-
ond stages were analyzed to deduce the concentration
dependence of the diffusion and relaxation processes.
The concentration dependence of D,, deduced from
the first stage of these curves, shows reasonably good
conformity with the free-volume theory of Vrentas
and Duda, which is strictly applicable to the rubbery
state. The relaxation rate values deduced from the
second stage were also found to be an increasing
function of C. On the other hand, a quantitative com-
parison of the rate of the second stage in the case of
two-stage curves referring to the same C; value but
different AC values indicates a much stronger depen-
dence of B on AC.

The application of Park’s method in the case of
pseudo-Fickian kinetics results in reproducible D, val-
ues, which indicate the validity of the method for
pseudo-Fickian curves. The deviation of the deduced
D, values from the free-volume theory of Vrentas and
Duda is in line with previous reports.*®
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