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ABSTRACT: This article is concerned with a combined
experimental and computer modeling study aimed at the
characterization of the non-Fickian absorption of liquid wa-
ter by cellulose acetate (CA) matrices (in the form of thin
films) on the basis of a strictly limited number of parameters.
The observed kinetics exhibited two distinct non-Fickian
features, resulting from short-term and long-term viscous
structural relaxations of the swelling glassy polymeric ma-
trix. These relaxation processes were modeled by the exten-
sion of a previous model of micromolecular diffusion in a
polymer subject to a single relaxation process. The success-
ful simulation of the experimental kinetic curves then en-
abled the determination and cross-checking of the relevant

model parameter values. This work had the dual purpose of
providing (1) input related to solvent absorption for the
quantitative computer simulation (in part II of this series) of
a model monolithic, solvent-activated, controlled-release de-
vice, consisting of a swellable glassy polymeric matrix (CA)
loaded with an osmotically active solute (NaCl), and (2) an
example of a general strategy of extracting meaningful val-
ues of micromolecular diffusivity in glassy polymers from
non-Fickian absorption kinetic data. © 2004 Wiley Periodicals,
Inc. ] Appl Polym Sci 92: 24582467, 2004
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INTRODUCTION

In previous works, we have studied experimentallyl“o’
various salient aspects of the kinetics of release of
simple solutes of various osmotic activities from a
swellable polymer matrix subject to viscous structural
relaxation, and thus we have brought into evidence
some practical advantages of such matrices, notably
the preservation over longer periods of osmotically
induced enhancement and relaxation-promoted con-
stancy of the solute release rate.

We have also attempted to develop and study para-
metrically reasonably general, rigorous, and flexible
model formulations of the salient features of the con-
current solvent uptake and solute release processes.*”

The objectives of this work are (1) to achieve deeper
physical insights into these phenomena and (2) to
provide the tools necessary for realistic computer sim-
ulations of the performance of solvent-activated
monolithic controlled-release (MCR) devices. The
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practical application of MCR devices, notably in the
agrochemical and medical fields, is already well estab-
lished and is expected to expand markedly. The at-
tractiveness of such devices is due to their simplicity
and resultant low cost. At the same time, their disad-
vantage of a generally nonconstant solute delivery
rate has been shown to be largely allayable by proper
design,®~® which is likely to be greatly facilitated by
the availability of reliable computer simulation tools.

The present capabilities of our modeling approach
include the simulation of (1) the interactions that exist
between the solvent and solute sorption and transport,
(2) the presence of the solute in a finely dispersed
form, (3) the osmotic action of the solute, and (4) the
structural relaxation of the polymer matrix upon
swelling (glassy polymers). The quantitative applica-
bility of the model with respect to the second feature
is limited in practice because of the coarseness of the
solute dispersions normally used. Nevertheless, this
model did provide a sound physical basis for the
formulation® of a new more general mechanism of
osmotically enhanced release in such cases, which has
been experimentally demonstrated already.

The aim of the work described in this and the fol-
lowing article was to apply a quantitative experimen-
tal test to the aforementioned modeling approach. The
MCR system used for this purpose consisted of cellu-
lose acetate (CA), NaCl as a solute, and water as a
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solvent. This system is deceptively simple because it
affords a critical test for the third and fourth features,
which represent the most complex (and least amena-
ble to simple or rigorous formulation) aspects of the
model. The experimental conditions were formulated
to avoid the presence of the relatively coarse solute
particles used in previous work.” The values of the
requisite input model parameters were determined
from independent experimental studies of the solvent
(as discussed later) and solute (see part II) sorption
and diffusion properties.

Thus, this article is concerned with an experimental
kinetic study of liquid water absorption by the neat
CA matrix (as well as the proper quantitative charac-
terization of the observed deviations from simple
Fickian kinetics induced by viscous structural relax-
ation of the swelling polymer), providing input re-
lated to the solvent properties for the MCR simulation
indicated previously.

We also hope, however, that the kinetic features
reported here and the ensuing method of data analysis
will also serve as an example of a generally applicable
strategy of correcting for the effect of structural relax-
ation in studies of micromolecular diffusion behavior
in glassy polymers.

Previous kinetic studies of the CA-water system
were mostly devoted to absorption from the vapor
phase, and they showed inconsistent results. In par-
ticular, the practical or Fickian diffusion coefficient
(Dwp) commonly measured has been variously re-
ported® ™" as exhibiting positive, negative, or insignif-
icant dependence on the imbibed water concentration
(Cw)- Physically, all these possibilities are admissible,
on the basis of the interplay of two different mecha-
nisms, namely, the plasticization of the polymer by
monomeric sorbed water molecules and the clustering
of these sorbed molecules, which tend to promote
positive or negative dependence of the diffusivity on
Cw, respectively.”>™> Accordingly, the aforemen-
tioned inconsistency is attributable to variations in the
CA film structure and properties (reflecting differ-
ences in the film preparation and subsequent history)
and possibly also in the chemical composition or even
in the method of measurement or data analysis. The
last factor becomes important in the presence of devi-
ations from Fickian kinetics because there are, at
present, no established methods of accounting for the
effects of such deviations. A detailed kinetic analy-
sis'®'* has shown that substantial deviations from
Fickian kinetics can occur during water vapor uptake
by CA as a result of complications caused by viscous
structural relaxation of the swelling polymer leading
to an enhancement of its capacity for the uptake of the
penetrant. Under suitable conditions, more than one
relaxation process can be detected.">'*
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EXPERIMENTAL
Materials and film preparation

CA in a powder form (type CA-398-30; acetyl content
= 39.8 wt %) was kindly provided by Eastman Chem-
icals (Zug, Switzerland) with the following specifica-
tions: melting range = 230-250°C, glass-transition
temperature = 189°C, density = 1.31 g/cm?, and vis-
cosity (measured according to ASTM D 871 and D
1343) = 114 P (30 s).

The films normally used (here and in part II) were
prepared by the casting of 20% solutions of the poly-
mer in acetone on a glass plate with a doctor knife. The
solvent was eliminated by evaporation in the atmo-
sphere, and this was followed by evacuation for 2-3
days. The resulting films (of thickness 2¢ = 120 um)
were kept in water until needed, at which stage their
original degree of hydration (Cy; g/g of dry film) was
measured.

Films of reduced or enhanced water uptake capacity
were also prepared to help elucidate the nature of the
observed non-Fickian kinetic features. The former
compacted films were produced by the treatment of
normal films with boiling water for about 2 h. The
latter expanded films were prepared by the addition
of solid NaCl particles (ca. 5 um) to the CA-acetone
dope,” which were subsequently completely leached
out by water, leaving the film in a superhydrated
state.

Equilibrium vapor sorption isotherm

Films of a normal degree of hydration were hung over
suitable saturated salt solutions in specially designed
bottles, thermostated at 25°C, and degassed so that
faster equilibration could be achieved. Equilibrium
water regain was determined gravimetrically. The as-
cending and descending branches of the sorption iso-
therm were determined by the exposure of the films to
increasing (after prior evacuation to dryness) or de-
creasing (after prior blotting of the fully hydrated film)
values of the relative humidity [equated here with the
activity of water (ay)], respectively.

Liquid water absorption kinetics

Films previously dried by evacuation and then equil-
ibrated with a given relative humidity were immersed
in a thermostated water bath and were periodically
taken out, blotted, and weighed. For as accurate a
determination of the final weight gain as possible,
measurements were continued during the following
few days.
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Figure 1 Water regain of neat CA films equilibrated with
various relative humidities (a,,) by (@) absorption or (O)
desorption. The solid line was calculated with egs. (2) and
(12) with s = 11, Ky = 0.0675, Ky = 0.030, and Kyygr
= 0.0525 g/g.

RESULTS
Equilibrium sorption isotherm

The results of the equilibrium vapor sorption mea-
surements (Fig. 1) are in good agreement with those
previously reported by others;'>'® however, the ab-
sorption—desorption hysteresis loop shown in Figure
1 is narrower than that reported in ref. 13. This result
is, in all likelihood, attributable to the longer equili-
bration times (extending over several days) used in
this work and points to very slow structural relaxation
during desorption as the primary cause of the ob-
served hysteresis.

Sorption kinetics

Kinetic absorption experiments were performed with
films of a normal degree of hydration conditioned to
different initial concentrations of imbibed water (Cy,)
by previous equilibration at the appropriate initial
water activity (or relative humidity; ayy,). The repro-
ducibility of the results obtained is illustrated, for ayy,
= 0.10, in Figure 2 in the form of plots of the mean
concentration of imbibed water at time ¢ (Cy,) versus
\/t. In the course of this work, it became apparent that
an important factor contributing to the observed
spread of the kinetic data was the variability of Cjy.
Accordingly, care was taken to use film specimens
with C)y values as similar as possible for a detailed
comparison of the absorption kinetic curves pertain-
ing to different ay,, values (cf. the examples in Fig. 3).

The aforementioned kinetic curves exhibit, as
shown most clearly at the lowest Cyy, value (Fig. 2),
two distinct kinds of deviation from Fickian absorp-
tion kinetics:"*'” (1) a sigmoid shape and (2) an un-
usually protracted approach to the final absorption
equilibrium. These non-Fickian kinetic features are
attributable, respectively,’*'” to (1) relatively short-
range viscous structural relaxations occurring in the
swelling polymer at a rate comparable to that of the
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Figure 2 Experimental kinetic curves of EWt (normalized
with respect to C) in CA films (C,, = 0.14-0.17 g/g) during
absorption after preequilibration at a,,, = 0.10.

diffusion of sorbed water molecules and (2) slower
similar relaxations involving larger polymer segments
presumably made possible by some looseness of poly-
mer chain packing in the amorphous regions of nor-
mal CA films.

Strong supporting evidence for this picture is pro-
vided by the corresponding kinetic behavior exhibited
by compacted and expanded films (prepared as indi-
cated in the previous section). In the latter case (shown
as squares in Fig. 4), the second effect is intensified,
and this agrees with the expected looser chain packing
in expanded films. The relaxation responsible for the
first effect, however, is accelerated up to the point that
the said effect is no longer detectable. In the former
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Figure 3 Experimental kinetic curves of EWt in two CA
films (CY, = 0.17 g/g) during absorption after preequilibra-
tion at various ay,, values: (a) 0.10, (b) 0.70, and (c) 0.85.
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Figure 4 Typical experimental kinetic curves of Cy,, in (O)
normal (C, = 0.16 g/g), (A) compacted (Cj, = 0.125 g/g),
and (0J) expanded (Cy, = 0.198 g/g) CA films during ab-
sorption after preequilibration at a,,, = 0.10.

case (shown as triangles in Fig. 4), the first effect
persists, whereas the second effect disappears, and
this indicates the absence of the aforementioned loose-
ness of chain packing in the compacted film. This is
consistent with the appearance of a second small en-
dotherm (preceding the main melting endotherm) in
the DSC thermogram of the compacted film, which is
indicative of more ordered chain packing than in the
normal film (Fig. 5).

THEORETICAL MODEL

The general model description of non-Fickian water
uptake kinetics previously presented® was extended
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(as described later) to allow for the presence of more
than one distinct structural relaxation process. The
extended model was then specialized, as needed, to
take into account significant specific features of the
particular experimental system under study.

General model of solvent uptake kinetics in a
polymer subject to multiple relaxations

In the model description of solvent uptake adopted in
ref. 5, two extreme states of the solvent-imbibing ma-
trix are recognized:'® (1) the unrelaxed matrix, the
sorptive capacity of which, when maintained at a
given solvent activity a,y, permits solvent uptake up to
a concentration Cy; = Cpy, and (2) the fully relaxed
polymer matrix, which, under the same conditions,
can imbibe the solvent up to a concentration Cy, = Cyyr
> Cyy- Thus, for a polymer matrix relaxing in contact
with a penetrant, under conditions of a constant and
uniform a,, value, the concentration of the absorbed
solvent (Cyy) will vary from Cyy; to Cyyp. The difference
(Cwr — Cyuy) represents the extra sorptive capacity,
which can be generated by the structural relaxation
process at ay,. The relaxation process is assumed to
follow first-order kinetics:

dCw
ot = Bw(Cwr — Cw) (1)
where B,y is the relaxation rate constant (or relaxation

frequency because it is the reciprocal of the commonly
used relaxation time).

0.0
normal
—-———  compacted
—— — expanded
-0.14
o
3
_?2—0.2-
o
=
(]
T
-0.31
-04 T v T T T
50 100 150 200 250
Exo Up Temperature (°C)

Figure 5 Typical DSC thermograms of (—) normal, (- - -) compacted, and (- — -) expanded CA films (model 2920 MDSC,

TA Instruments; heating rate = 5°C/min).
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Figure 6 Schematic representation of the absorption iso-
therms applicable to the (A) unrelaxed, (B) partly relaxed,
and (C) fully relaxed states of a polymeric matrix subject to
two relaxation processes (i.e., for N; = 2, which is represen-
tative of the CA—-water system under consideration here) in
an absorption experiment covering the activity range of a,,
= Ay to a,y, = 1 (see the text).

We consider a polymer monolith, in the form of a
thin polymer film (of thickness 2¢), preequilibrated
with a relative humidity corresponding to ay, = apy
and immersed at time ¢t = 0 in liquid water (a;, = 1).
Under these conditions, water diffusion into the ma-
trix is effectively one-dimensional.

The sorptive capacity of the relaxed polymeric ma-
trix as a function of 0 = ay; = 1 is described by the
usual equilibrium absorption isotherm (because the
final attainment of equilibrium presupposes full relax-
ation of the polymer by definition), illustrated sche-
matically by curve C in Figure 6. We have

Cwr = Fr(aw) (2)

where Fp(a,y) may be any chosen function that can
represent the relevant experimental data adequately.
The sorptive capacity of the unrelaxed polymer may
similarly be described by an instantaneous absorption
isotherm (illustrated by curve A in Fig. 6). In this
connection,’ it is important to bear in mind that the
isotherm in question (1) is defined in the experimental
range ayo = a = 1 and (2) must coincide with the
final isotherm at ay, = ayy,, that is, Cyp,(ay = awo)
= Cprlaw = ano) = Cypo- The instantaneous isotherm
may be conveniently formulated as a function of the
new variable, 81,y = ay — apo (0 =< dayy = 1 — ayy)?°

Cwi = Cwo +f1(5ﬂw) = Fr(awo) +f1(5ﬂw) (3)

The final absorption isotherm may be reformulated
similarly:

Cwr = Cwo +fp(8ﬂw) = Fr(awo) +fF(5‘1w) (2a)
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Note that f,(éay, = 0) = fp(6a,, = 0) = 0. It is also worth
noting that the direct measurement of the instanta-
neous absorption isotherm presupposes sufficiently
rapid diffusion into the polymer or use of a suffi-
ciently thin film to permit the establishment of a rea-
sonably uniform concentration across the film before
any significant relaxation has occurred. Because direct
experimental information of this kind is not usually
available, it is simplest to assign to f,(8a,y) the same
functional form as fy(day), subject, of course, to the
condition f(8ay) = fr(8ay).

In the presence of more than one distinct structural
relaxation processes, we consider that (1) the said
processes proceed independently and in parallel and
(2) their effect on the sorptive capacity is additive.
Thus, in the presence of a number, Ny, of relaxation
processes (which are numbered for convenience in the
order of descending values of B;y;), we recognize N —
1 notional intermediate states of the polymer and
write for a given value of ayy,

Nr

Cwr— Cyr = E SCwe; (4)

i=1

where 6Cyyr; represents (for the given value of ayy) the
increment in the absorptive capacity produced by the
ith relaxation process. The ith state is the state attained
in the hypothetical case in which all relaxation pro-
cesses from j = 1 to j = i are complete, whereas those
fromj =i + 1 toj = Ny are frozen; thus, the states
denoted by i = 0 and i = Ny correspond to the instan-
taneous and final absorption equilibrium, respec-
tively. The case of CA-water under consideration
here, for which Ny, is 2, is illustrated in Figure 6. The
relevant incremental absorption isotherms may be ex-
pressed in terms of 8ay:

SCwe; =fi(8ﬂw) (5)

where it should be taken into account that 6Cyz;(a,y
= apg) = 0. fi(8ay) may conveniently be assigned the
same functional form as f(8ayy), subject, of course, to
the condition embodied in eq. (4). The corresponding
kinetic equations are analogous to eq. (1):

d(6Cw;
% = Byi(8Cwr — 8Cwy) (6)

where 6Cyy, is 0 at t = 0. Thus, the concentration of the
absorbed solvent in a relaxing matrix, maintained at
any given constant value of ay, is

Ng

Cw(t) = Cp + E 8Cwi(t) (7)

i=1
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During an absorption experiment, egs. (6) and (7)
provide an adequate description of the evolution of
Cw(t) at either of the surfaces of the film, located at x
= 0 and x = 2¢ (with x = £ at the midplane of the film),
exposed to the liquid solvent. Here, the extra sorptive
capacity generated by the relaxation process is satis-
fied by immediate uptake from the liquid, thus main-
taining ay(x = 0, t > 0) = 1 throughout the experi-
ment. At any location in the interior of matrix x (be-
cause of symmetry, we restrict our attention to the
half-space 0 < x = {), however, the rate at which
solvent molecules are transported to that location by
diffusion must be considered. The relevant equations

are’

ICy 9 Ay
ot ax \ ™MW gx

(8)

MR 9(8C ;)
+ E atw

i=1

ot day ot

- W? + z BW[(SCWH - SCWi) (9)

[where use has been made of eq. (6)] with the bound-
ary conditions

ay(x=0,t>0)=1; ap(0<x=4¢,t=0)=ayy;

and by symmetry

(11)

da
), o
ax et

Equations (8) and (9) were solved by an explicit finite
difference method.*®> With this method, from the
known values of Cy, ay, and 6Cy; at x and ¢, new
values at x and t + At can be computed. Thus, eq. (8)
yields the increment in Cy; (ACyy) at x, generated by
the net influx of transported solvent molecules (gov-
erned by thermodynamic diffusion and solubility co-
efficients D}y and S,y = Cy/ay, respectively)’ during
the small time interval At. The occurrence of two terms
on the right-hand side of eq. (9) reflects the fact that
ACyy is made up of two parts, ACy,; and ACyy,. ACy,
= XN& ASC,y; represents the uptake without a change
in the prevailing activity a,, as a result of the extra
sorptive capacity generated during At by structural
relaxation; ACy, represents the uptake associated
with a corresponding increase in activity Aayy, accord-
ing to the instantaneous absorption isotherm (because
the polymer at the new activity a,, + Aayy, has not yet
had time to relax appreciably). Note that all quantities
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involved in the calculation of ACy,, are known. Hence,
given ACyy, from eq. (8), Aayy follows, and the requisite
new values Cy, + ACy, ayy + Aay, and 8Cyy; + ASCyy,
can all be evaluated.

Specialization of the model to the CA-water
system

In the absence of a reasonably simple, rigorous, and
generally applicable physically significant theory of
water sorption by polymeric materials, Fr(ay) is ex-
pressed in refs. 4 and 5 as a polynomial because this is
the formulation most commonly adopted for fitting all
kinds of experimental data empirically. In our previ-
ous parametric studies,*” a quadratic polynomial suf-
ficed to represent the salient characteristics of the most
common type of polymer—solvent (including water)
sorption isotherm (i.e., conformity to Henry’s law, at
sufficiently low ay, values, coupled with an increasing
positive deviation with rising ay).

For our present purposes, the addition of a high-
power third term was found to be necessary to fit the
high curvature of the CA-water absorption isotherm
(presumably because of clustering of the sorbed water
molecules) as ay, approaches 1. Thus, the following
function has been used:

Fe(aw) = Kyipaw + Kyopaiy + Kyseayy (12)
where Kj,'s and s are input constants, the values of
which are deduced from the experimental absorption
isotherm. Substitution from eq. (12) into eq. (2a) leads
to

fp(aaw) = Fe(aw) — Fe(aw) = kwirdaw
+ szFSQ%/\/ + R + kwspﬁa%,\] (13)

where
kwir = Kwir + 2Kporawo + SKWSJEQSI/%1
kwar = Kwor + %5(5 = DKwseaivg
For3 =n=s,

s!
Ky = nl(s — n)t Kysrawo'
According to what has already been said, the func-
tions f;(da,y) (representing the instantaneous absorp-
tion isotherm) and f(8a,y) (denoting the sorption iso-
therm increments corresponding to partial and full
relaxations) all have the form of eq. (13). As indicated
in the previous section, two distinct relaxation pro-
cesses are recognizable in the CA-water system; we
use the designations i = B and i = C for the fast and
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slow ones, respectively. The coefficients pertaining to
fi(day), fp(day), and f-(8a,) are symbolized by the
replacement of the subscript F of those shown in egs.
(12) and (13) by I, B, and C, respectively; the relevant
input parameters are given as fractions (a) of the
corresponding ones for Fr(ay), namely, oy = Ky /Kyyr
= Kwir/Kwir = Kwor/Kwor = Ksi/ Kwsp, ag = Kyp/
Kwr, and ac = Kye/Kwp. In conformity with eq. (4)
and with egs. (2a), (3), and (5) kept in mind, the values
assigned to the defined «’s must fulfill the following
condition:

(XA+aB+OlC:1 (14)

COMPUTER MODELING RESULTS AND
DISCUSSION

As illustrated in Figure 1, an accurate fit of the absorp-
tion isotherm was obtained for the values of s and the
Ky coefficients given in the legend.

For the convenience of the computations, dimen-
sionless parameters (denoted in bold type) were de-
fined as follows:

x=x/€; t=Dyt/t%
Kwr = K/ Ciy;

Cw =Cw/Ciy;
Sw = SW/C(I)/V = Cw/aw (15)

Bw shows the magnitude of the relaxation rate con-
stant on the diffusion timescale (represented by t).
Thus, for both By — 0 and By — <, the absorption
process follows Fickian kinetics corresponding to pure
diffusion in the unrelaxed or fully relaxed polymer,
respectively.

It should also be borne in mind that D,y here rep-
resents the thermodynamic diffusion coefficient,
which affords a physically more rigorous measure of
the mobility of diffusing molecules**'® than the cor-
responding practical coefficient Dyyp. In the absence of
relaxation, these coefficients are related by a simple
expression, which would be applicable here only to
diffusion in the fully relaxed polymer:

d1Inay

Dwe =Dw 110 e,

(16)

The second factor in eq. (16) follows from the sorption
isotherm. Therefore, if Dy is determined as a func-
tion of Cyyr by one of the established methods avail-
able for this purpose,'® D,y is readily deducible. How-
ever, this step is rarely taken in practice. As a result,
little is usually known about the behavior of Dy,
which may differ substantially from that of Dyp, if the
sorption isotherm exhibits marked curvature, as is the
case here.

PAPADOKOSTAKI AND PETROU

Figure 7 Dimensionless computed kinetic curves of C,,, in
a polymeric film subject to a single relaxation process, char-
acterized by ay, = (—--) 0.30 and (—) 0.50 and by Bywg = (1)
0.1, (2) 1, and (3) 10, in an absorption experiment covering
the activity range of ay, = ay, = 0.1 to a,, = 1. Fickian
kinetics (Bwg — ) are represented by line 4.

In the presence of relaxation processes giving rise to
deviations from Fickian absorption kinetics, no com-
parable explicit methods of determining Dyyp or Dy
are available. Accordingly, we follow here an implicit
model-dependent approach, by which the model pre-
viously described is used to reproduce the observed
non-Fickian kinetics as closely as possible on the basis
of as few, not independently known, model parame-
ters as possible. In this respect, our previous practice*”
of treating Dy and By as constants in each computa-
tion is justified here. In any case, assigning a constant
mean effective value to a Dy, dependent on the con-
centration (within reasonable limits) is a good approx-
imation as far as the simulation of overall absorption
kinetics is concerned (regardless of the fact that the
corresponding concentration profiles may differ mark-
edly).*" However, no material effect of relaxation on
Dy (except indirectly via the effect on Cyy) is ex-
pected.'® The minimum number of model parameters
required to characterize relaxation processes B and C
are the relaxation frequencies By and By and the
corresponding initial state parameters a, and ap
[which are sufficient to determine a- as well via eq.
14)1.

The information required to arrive at realistic a priori
estimates of these parameters was extracted from the
observed non-Fickian kinetic features, which are most
clearly discernible in the experimental kinetic curves for
awo = 0.1. Thus, a parametric study of the S shape of the
kinetic curve (see examples in Fig. 7; cf. ref. 5) pointed to
a, values well below ay, = 0.5 and to Bwg values in the
region of Bwg ~ 1-10. However, as illustrated in Figure
8, good estimates of a.- (and hence of ap, once ay is
given) and By were readily obtainable from the vertical
position of the slowly rising upper part of the experi-
mental kinetic curve and the ensuing kinetics (controlled
by relaxation C), respectively.
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Figure 8 Dimensionless computed kinetic curves of Cy,, in
a polymeric medium subject to relaxation processes B and C,
characterized by a, = 0.30, Bywg = 1, Bwec = (—) 0.01 and
(---)0.03, and a5 = (1) 0.65, (2,3) 0.60, and (4) 0.55, in an
absorption experiment covering the activity range of ay,
=apwo = 01toay, =1

On this basis, a further adjustment of the aforemen-
tioned input parameter values required the computa-
tion of only a limited number of dimensionless simu-
lated kinetic curves for direct comparison with the
relevant experimental data (because the variability of
the results illustrated in Figure 2 appears to be largely
due to the variability of film properties, notably Cj,
rather than to errors of measurement, experimental
curves were fitted individually and films of the same
Cly value were chosen for a comparison of the results
for different ayy, values). The comparison was effected
by the replotting of the normalized experimental data
for ay, = 0.1 on the dimensionless timescale Dy 4t/ ¢,
where Dy, denotes the experimental value of Dy,
yielding the best obtainable superposition of the data
on a given computed kinetic curve. An example of the
results obtained from this kind of kinetic analysis is
shown in Figure 9. The corresponding Dy, values are
given in the first row of Table I. These values, as well
as those from another example (given in the fourth
row of Table I), illustrate the significant effect that
relaxation B can have on the resulting Dy, value. In
particular, one can see that, if a non-Fickian system
subject to a relaxation process governed by Byg = 1is
(incorrectly) treated as Fickian, Dy, would (in either
example) be underestimated by a factor of approxi-
mately 3.

Figure 10 provides an illustration of the results of a
check on the aforementioned parameter values, in the
sense that the absorption kinetics observed for higher
ayo values may also be reproduced reasonably suc-
cessfully on the basis of the same model parameter
values. The main point to note here (see Table I) is that
the resulting Dy 4 values decrease substantially as ay
(and hence Cy,) is raised; this indicates that Dy, has a
negative concentration dependence [this being true for
Dyyp also because, for the type of sorption isotherm
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under consideration here, the second factor in eq. (16)
also turns out to be a decreasing function of concen-
tration]. A similar tendency to decrease with rising ayy
is expected for Byyp and By (on the basis of studies of
the relaxation induced in CA by other sorbates, which
reveal a clear tendency of B, to vary inversely with
the size of the increment in the concentration or activ-
ity covered by the absorption experiment).'”** Ac-
cordingly, it was considered appropriate to use the
same values of Bywg and By for all ay,, values in the
aforementioned computations (a choice that is cer-
tainly not contradicted by the results obtained).

On the basis of the overall goodness of fit obtained
in this manner, we concluded that the correct value of
Buws lies close to 1; hence, the correct values (D3y,) of
D,y should lie close to those given in the sixth column
of Table I. Considerably better discrimination should
be achievable in the case of glassy polymer films less
prone to variability of properties than CA.

Another point worth noting in Table I is that al-
though the absolute Dy, values depend materially on
the value of By used (as discussed previously), their
dependence on ay, is much the same, and this remains
true for Bywg — o; this indicates that, even if relaxation
is completely ignored, a reasonably good picture of
the concentration dependence of D, may still emerge.
However, as also shown in Table I, the degree of
concentration dependence may vary significantly
from one film specimen to another. The results that we
have obtained so far suggest a link between a stronger
declining tendency of Dy, with a higher value of Cj,

Figure 9 Comparison of experimental C,,, (normalized)
data for two CA films (identified by circles or squares),
characterized by CY, = 0.17 g/g for a,, = 0.10, with perti-
nent dimensionless simulated curves computed for a range
of Bwg values. The main parameter values of the latter were
a, = 0.30, ag = 0.60 (o = 0.10), By = 0.01, and Bwg = (1)
1, (2) 10, and (3) ». The experimental data (represented
correspondingly by open, crossed, or filled points) have
been plotted on a dimensionless timescale, Dy .t/ ¢?, where
Dy, is each time chosen for the best superposition on the
relevant simulated curve. The resulting D,,, values are
given in the first row of Table I.
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TABLE 1
Examples of Experimental Estimates of D,, for Various a, Values Derived on the Basis of Various Values of By as
Explained in the Text and in the Legends of Figures 9 and 10

Film Co Dya X 107 (ecm?/s) Dya/Dya (awp = 0.1)

sample (8/8) Awo Bwg = ® Bws = 10 Bws =1 Bwg = © Bws = 10 Bws =1
Al 0.17 0.10 1.8 2.6 4.8 1 1 1
A2 0.70 0.60 0.81 1.4 0.30 0.31 0.29
A3 0.85 0.36 0.50 0.78 0.20 0.19 0.16
Bl 0.15 0.10 14 1.9 3.5 1 1 1
B2 0.70 0.85 1.14 2.0 0.61 0.60 0.57

and this would be consistent with the physical inter-
pretation of the decline of Dy in terms of the cluster-
ing of the imbibed water molecules (cf. the Introduc-
tion section) on the assumption that a higher C}, value
entails a higher degree of clustering.

CONCLUSIONS

We have reported here an experimental study of non-
Fickian absorption of liquid water by CA films condi-
tioned to different ay, values (and corresponding sor-
bate Cyyy values). The observed absorption kinetics
exhibited two distinct non-Fickian features resulting
from short- and long-term viscous structural relax-
ations (labeled B and C, respectively) of the swelling
polymer matrix, each leading to an increased absorp-
tion capacity of the matrix for the penetrant.

On the basis of a model of non-Fickian absorption in
a swellable polymeric matrix subject to multiple struc-
tural relaxations also presented here, the behavior of
the CA-water system could be characterized by the

Figure 10 Comparison of duplicate experimental data
from films with similar C3, values, plotted in a dimension-
less form as in Figure 9 and extending over a range of ayy
values, with pertinent simulated curves (computed as in Fig.
9 for Bwg = 1): aywe = (1) 0.1 (open points; identical to line
1 and corresponding points in Fig. 9), (2) 0.70 (crossed
points), and (3) 0.85 (filled points). The resulting D, , values
(for this and other values of Byyg) are given in the first three
rows of Table I.

following minimum set of parameters: the effective
thermodynamic diffusion coefficient, Dyy; the absorp-
tion isotherm for the fully relaxed polymer, Cyyr(ay)
(measured directly); the initial state parameters, a,
and ap (which characterize the sorption capacity of
unrelaxed and partly relaxed polymer, respectively,
with respect to Cyyr); and the relaxation frequencies,
Bwp and By (Which determine the rates of relaxations
B and C, respectively).

Information about the latter four parameters was
extracted from the non-Fickian features of the experi-
mental curves for ay, = 0.1 (at which such features
were most prominent). In particular, a- and By were
estimated directly from the long-time tail of the kinetic
curve, which was rate-controlled by relaxation C.

The approach adopted from this point on (which
could serve as a good example of a general method of
kinetic analysis of non-Fickian absorption data) was to
use initial estimates of o, and Bywg (derived from the
shape of the dimensionless Cy,-versus-\/f curve on
the basis of a brief preliminary parametric study) to
obtain dimensionless computed curves for a,, = 0.1,
which were compared with the relevant experimental
data replotted on a dimensionless Dyy.t/€* scale,
where Dy, is the experimental value of Dy, required
to optimize the superposition of the corresponding
experimental and computed kinetic curves. Then, a,
and especially Bwg (the variable of primary impor-
tance here’) were varied, and this procedure was re-
peated as necessary to achieve satisfactory coincidence
of the experimental and computed curves and thus to
obtain the final estimate (DY ,) of Dy.

The usefulness of our modeling approach to non-
Fickian water absorption by CA was demonstrated by
the fact that the experimental kinetic curves pertaining
to different a,,, values (or concentration) were also
successfully reproduced by the same set of optimum
input parameter values, and it was further supported
by the results of a final and more exacting test involv-
ing the accurate predictive simulation of water uptake
coupled with the parallel release of an osmotically
active solute, as described in part II of this series.

The following conclusions, on points of general
practical importance or relating to the diffusion be-
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havior of water in CA films, are also noteworthy. First,
the deduced Dy, values decrease systematically with
increasing ayy, (or Cyy), and this indicates that Dy,
tends to decrease with an increasing concentration of
imbibed water; the extent of this concentration depen-
dence is variable but seems to be linked to the CY,
value of the film used. Second, Dyy,, at a given value
of ay,, depends materially on the assumed value of
Bws, but its concentration dependence does not; this
suggests that, in practice, neglecting the effect of re-
laxation can lead to substantially erroneous estimates
of the absolute magnitude of D,y but can still yield a
realistic picture of its concentration dependence.

This work was performed in the framework of the “Excel-
lence in the Research Institutes” program.
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