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ABSTRACT: The concept of a diffusion Deborah number is used to anticipate the pres-
ence of anomalous effects in differential sorption experiments. The method is illustrated
using sorption data for five experiments involving polymer–solvent mixtures. q 1997
John Wiley & Sons, Inc. J Appl Polym Sci 64: 2007–2013, 1997
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INTRODUCTION diffusion process can be expected in a differential
sorption experiment for a given set of conditions.
In addition, the Deborah number concept can beMore than thirty years ago, Reiner1 introduced a
used as a means of designing differential sorptiondimensionless group, which he called the Deborah
experiments for which the diffusion process isnumber, as a convenient way of characterizing the
Fickian.flow behavior of viscoelastic materials. This group

The objective of this article is to illustrate howis simply the ratio of the characteristic relaxation
the diffusion Deborah number can be used to an-time of a material to the characteristic time of
ticipate the presence of anomalous effects in dif-the deformation process. This concept has been
ferential sorption experiments. This is done byextended2–7 to the diffusion of solvents in poly-
comparing calculated diffusion Deborah numbersmers by introducing a diffusion Deborah number.
with differential sorption data for five polymer–This dimensionless group is also a ratio of two
solvent sorption experiments. The basis of the dif-characteristic times, a characteristic relaxation
fusion Deborah number approach is presented intime for the polymer–solvent system and a char-
the second section of this article, and the differen-acteristic diffusion time. The diffusion Deborah
tial sorption experiments are described in thenumber can be used to determine the character
third section. The experimental data are pre-of the mass transfer for a given polymer–solvent
sented and discussed in the fourth section.system; hence, it can be used to anticipate condi-

tions for which anomalous effects can be expected
during a diffusion process. For example, differen-
tial sorption experiments are widely used as a THE DIFFUSION DEBORAH NUMBER
means of measuring mutual diffusion coefficients
for polymer–solvent systems, but this can be done In the absence of externally induced flow in a dif-
only if the diffusion process is Fickian. Calcula- fusion experiment, all deformations are the direct
tion of the diffusion Deborah number provides a result of concentration gradients. For this case, a
simple method of determining whether a classical dimensionless group (DEB)D , called the diffusion

Deborah number, can be defined2–7 such that it
provides a comparison of the rate of diffusion andCorrespondence to: J. S. Vrentas.
the rate of rearrangement of polymer moleculesContract grant sponsor: Dow Chemical Co.

q 1997 John Wiley & Sons, Inc. CCC 0021-8995/97/102007-07 as follows:
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binary mixture since conformational changes in
(DEB)D Å

lm

uD
(1) polymer structure appear to take place instanta-

neously. The diffusion process at small values of
(DEB)D is Fickian diffusion in the classical sense,In this equation, lm is the characteristic time of
and it can be denoted as a viscous diffusion pro-the fluid, and uD is the characteristic time of the
cess. When the diffusion Deborah number is suf-diffusion process. Since lm is generally a strong
ficiently large, there is a negligible time variationfunction of concentration and temperature for a
of the polymer structure during the diffusion pro-polymer–solvent mixture, it is clear that it is pos-
cess. Since a diffusing penetrant molecule movessible to define a single value of the Deborah num-
in a material that effectively has the propertiesber for an entire diffusion process only if the spa-
of an elastic solid, this type of diffusional trans-tial and time variations of concentration and tem-
port can be denoted as elastic diffusion. Availableperature are sufficiently small. For example, for
data3,4 appear to indicate that diffusional trans-a differential sorption experiment, the difference
port for large Deborah numbers can be satisfacto-in the final and initial equilibrium concentrations
rily described by the classical theory of diffusion,is kept as small as possible so that a single value
even though the system is obviously not a purelyof the Deborah number can be calculated since it
viscous fluid mixture. Hence, Fickian diffusioncan be based on the temperature, polymer molecu-
should be observed at both low and high valueslar weight, average pressure, and average concen-
of (DEB)D . When the diffusion Deborah numbertration of the system.2–4 In an integral sorption
is of the order of unity, the molecular relaxationexperiment, large changes in concentration are
and diffusive transport processes occur in compa-imposed, and it is necessary to examine the na-
rable time scales, and rearrangement of polymerture of the diffusion process by calculating Debo-
chains and movement of solvent molecules takerah numbers at the initial and final conditions of
place simultaneously. This type of diffusionalthe sorption process.2,4

transport is denoted as viscoelastic diffusion. ForThe characteristic time uD of the diffusion pro-
differential sorption experiments, it is not possi-cess is, of course, in general, different for each
ble to identify precise values of (DEB)D for whichmass transfer operation. A step-change sorption
viscous, elastic, and viscoelastic diffusion can beexperiment is an unsteady, one-dimensional mass
expected because eq. (2) represents only an esti-transfer process; hence, an average characteristic
mated average value for the characteristic diffu-diffusion time can be defined as follows:
sion time. However, it seems reasonable to expect
that viscous diffusion will be observed for (DEB)D

õ 1002 , and elastic diffusion will be present foruD Å
L2

D*
(2)

(DEB)D ú 102. For 1002 õ (DEB)D õ 102, the
possibility exists for the presence of viscoelastic
diffusion and, hence, nonclassical, non-FickianHere, L is the initial thickness of the polymer film,

and D* is a diffusion coefficient, which is an ap- behavior.
Methods of calculating (DEB)D for differentialpropriate measure of the diffusional transport in

the system. The quantity D* can be estimated, sorption experiments have been described else-
where.3,4 These procedures will be used to com-for example, by using predicted self-diffusion coef-

ficients for the polymer and solvent.3,4 The above pute (DEB)D for the five polymer–solvent sorp-
tion experiments considered in this study. For adefinition of the characteristic diffusion time of

course represents an average value since a parti- differential sorption experiment at normal pres-
sures, the diffusion Deborah number will dependcle of fluid near the surface of the film has a differ-

ent characteristic time than a particle located a on the temperature, average solvent concentra-
tion, polymer molecular weight, and initial filmsignificant distance from the surface. For an oscil-

latory sorption experiment,7 a single value of the thickness L . Hence, it is possible to study diffu-
sion for a particular polymer at a given tempera-characteristic diffusion time is applicable at every

point in the diffusion field, and a more detailed ture and average solvent concentration by car-
rying out experiments using samples with differ-Deborah number analysis is possible.7

When the diffusion Deborah number is suffi- ent thicknesses. In effect, (DEB)D can be varied
conveniently by changing L , and the dependenceciently small, molecular relaxation is much faster

than the diffusive transport. The diffusion process of the measured sorption curve on L [and hence
on (DEB)D ] can be determined experimentally.thus involves what is effectively a purely viscous
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For a differential sorption experiment, it is pos- alous diffusion effects are possible. If a diffusion
Deborah number for a given set of conditions issible to measure the quantity M ; the mass of sol-

vent per unit area that has entered the polymer in the intermediate region [1002 õ (DEB)D

õ 102], then it is necessary to conduct differentialfilm at time t ; and the quantity M` , the value of
M at infinite time, where there is sorption equilib- sorption experiments at different values of L to

establish the conditions for which D is indepen-rium. For classical, Fickian diffusion, sorption
data for films of different thicknesses must reduce dent of L . Only the values of D measured in the

region where D becomes independent of L areto a single curve when M /M` is plotted against
t1/2 /L . Also, values of the mutual diffusion coeffi- valid mutual diffusion coefficients.

Finally, it is important to emphasize that thecient D calculated from such sorption curves
must, of course, be independent of L since D is a above discussion has been concerned with classi-

fication of the diffusion process inside the polymermaterial property of the polymer–solvent system.
As noted above, it is possible to carry out differen- film. For differential sorption experiments, it is

possible that the surface concentration of the filmtial sorption experiments over a range of diffusion
Deborah numbers by using fixed polymer molecu- does not instantaneously achieve the equilibrium

value consistent with the solvent pressure in thelar weight, temperature, and average concentra-
tion and by varying only the sample thickness L . gas phase.8 Hence, although the diffusion process

in the bulk phase may be Fickian, the total massIf (DEB)D õ 1002 over the complete range of L ,
then the diffusion process will be a viscous, Fick- transfer process may not exhibit classical behav-

ior because of surface nonequilibrium effects.ian diffusion process; and curves of M /M` versus
t1/2 /L and, hence, computed values of D , should Consequently, a mass transfer process for poly-

mer–solvent systems will exhibit classical behav-be independent of L . Similarly, if (DEB)D ú 102

over the range of L studied, then the diffusion ior only if there is both a sufficiently high or low
value of the diffusion Deborah number and at-process will be an elastic Fickian diffusion pro-

cess. Again, for this case, curves of M /M` versus tainment of instantaneous equilibrium at the
phase boundary. In general, the presence of non-t1/2 /L and the values of D computed from such

curves will be independent of L . If 1002õ (DEB)D equilibrium surface effects will be evident from
the shape of a single sorption curve.õ 102, then the possibility for anomalous, non-

Fickian diffusion exists so that reduced sorption If diffusional transport for a differential sorp-
tion experiment is described by the classical equa-curves (M /M` versus t1/2 /L ) for films of different

thicknesses may not yield a single curve as is re- tions, the following behavior should be observed.
quired by the equations of the classical theory.
Furthermore, computed, apparent values of the 1) In the initial stages of the sorption process,

a plot of M /M` versus t1/2 is linear.mutual diffusion coefficient D may depend on L .
Valid mutual diffusion coefficients can be ob- 2) The M /M` versus t1/2 plot is always concave

with respect to the t1/2 axis above the lineartained in the intermediate Deborah number re-
gion [1002 õ (DEB)D õ 102] only if it can be portion.

3) The sorption curves for all values of filmshown experimentally that the calculated D even-
tually becomes independent of L as L is increased thickness will form a single curve when

plotted as fractional uptake versus t1/2 /Lor decreased.
The above discussion illustrates two aspects of for fixed initial and final penetrant concen-

trations.the utility of the diffusion Deborah number in the
design and interpretation of differential sorption
experiments. First, it is clear that anomalous dif- In general, the first two criteria are not satisfied

when the surface concentration does not instanta-fusion effects should be avoided if experiments are
conducted with (DEB)D ú 102 or (DEB)D õ 1002 . neously assume its equilibrium value. Hence, a

single sorption curve will generally indicate theHence, if experiments are designed (by appro-
priate choice of temperature, solvent concentra- presence of surface nonequilibrium effects. On the

other hand, the first two criteria are sometimestion, and L ) so that the diffusion Deborah number
is either very small or very large, then it will be satisfied for a differential sorption experiment,

but the third is not. This is a more subtle form ofpossible to use standard methods to compute valid
mutual diffusion coefficients. Second, for a given non-Fickian behavior since at least two sorption

curves with different values of L are needed toset of conditions, calculation of the diffusion Debo-
rah number immediately suggests whether anom- test this thickness effect.
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From the above discussion, it appears that the imental apparatus and procedure are given else-
where.9following procedure can be used to identify sorp-

tion data, which can be used to determine the
mutual diffusion coefficient D from a standard dif-
fusion analysis. RESULTS AND DISCUSSION

The characteristics of the five polymer–solvent1) If the sorption curve does not satisfy the
sorption experiments carried out in this study arefirst two criteria, it cannot be used to deter-
summarized in Table I. The diffusion Deborahmine D using a straightforward analysis.
number for these experiments was varied by2) If the sorption curve satisfies the first two
changing the initial sample thickness L , and thecriteria and either (DEB)D õ 1002 or
ranges of (DEB)D and L are presented in the last(DEB)D ú 102, then the mass transfer pro-
two columns of this table. For all five step-changecess is described by the classical equations,
absorption experiments, the reduced sorptionand a standard diffusion analysis can be
curves (plots of M /M` versus t1/2 /L ) satisfy theused to determine a valid mutual diffusion
first two criteria presented above. Hence, it doescoefficient from this sorption curve.
not appear likely that surface nonequilibrium ef-3) If the sorption curve satisfies the first two
fects are important for these experiments. Fur-criteria and 1002 õ (DEB)D õ 102, then
thermore, for the first experiment in Table I,sorption data must be obtained for different
(DEB)D ú 102 so that the sorption process shouldvalues of L to establish the conditions for
be an elastic, Fickian diffusion process. Also, forwhich the third criterion is satisfied. Valid
the second, third, and fourth experiments,diffusion coefficients can then be obtained
(DEB)D is effectively less than 1002 since the up-from sorption curves, which satisfy the
per limit in the third experiment is only slightlythird criterion.
greater than 1002 . In these three cases, the sorp-
tion processes should be viscous, Fickian diffusion
processes. Consequently, for the first four experi-

DIFFERENTIAL SORPTION EXPERIMENTS ments listed in Table I, the Deborah number anal-
ysis predicts that the reduced sorption curves will
form a single curve when plotted versus t1/2 /L .Differential step-change sorption experiments

were carried out for polymer–solvent systems for Also, the calculated mutual diffusion coefficient D
for each experiment should be independent of Lfive sets of conditions by introducing a sudden

increase in the solvent pressure in the gas phase and, hence, should be a valid material property.
The data for the first four experiments indeedabove a polymer sample. The experimental appa-

ratus was a quartz spring sorption balance. The show that the third criterion listed above is clearly
satisfied and that the calculated values of D arecylindrical sorption column was 1.2 m in length

with an inside diameter of 10 cm. The tempera- independent of L . The sorption curves for the first
four experiments are not presented here, but theture of the experiment was controlled by circulat-

ing heat-transfer fluid in a jacket surrounding the D versus L data for these four cases are presented
in Figures 1 and 2. Clearly, the diffusion Deborahsorption balance. The solvent pressure was sup-

plied to the column by a computer-controlled sol- number analysis has correctly identified experi-
ments from which valid mutual diffusion coeffi-vent boiler. The quartz springs and quartz buck-

ets used in the column were provided by Worden cients can be derived.
For the fifth experiment, part of the DeborahQuartz Products, Inc., and the spring extension

was measured using a cathetometer. All experi- range extends into the intermediate region [1002

õ (DEB)D õ 102] so that anomalous diffusionments reported here are absorption experiments.
Two polymers were used in this study: polysty- effects can be expected. The experiments for the

PVAc–water system at 457C do indeed show thatrene (PS) and poly(vinyl acetate) (PVAc). The PS
and PVAc were additive-free, commercial polymer the reduced sorption curves do not form a single

curve, and the third criterion is, hence, not satis-samples with weight-average molecular weights
of 2.75 1 105 and 2.3 1 105, respectively. The fied. Also, as is evident from Figure 3, the calcu-

lated mutual diffusion coefficients depend on Lpolymer samples were prepared directly in quartz
buckets with a diameter of 1.7 cm using a solvent- and, hence, are not valid material properties for

all values of L . The D values appear to level offcasting technique. Additional details of the exper-
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Table I Summary of Sorption Experiments

Temperature Average Solvent Range of L
Polymer Solvent (7C) Weight Percent Range of (DEB)D (cm)

PS Methanol 70 0.25 1.0 1 1024–3.3 1 1024 0.028–0.051
PVAc Toluene 90 16.8 1.2 1 1007–2.2 1 1007 0.047–0.063
PVAc Methanol 60 4.6 1.1 1 1003–1.2 1 1002 0.014–0.047
PVAc Water 90 0.35 1.7 1 1004–3.8 1 1003 0.072–0.34
PVAc Water 45 0.53 3.4 1 101–2.5 1 103 0.0088–0.075

at high and low values of L , and these values of This was illustrated above for the PVAc–water
system at 457C. In addition, since calculation ofD can be tentatively identified as being material

properties that are representative of two distinct a Deborah number identifies a Fickian diffusion
process, the diffusion Deborah number analysisFickian diffusion regions. However, the values of

D calculated for intermediate values of L are can be useful in the design of differential sorption
experiments. The first four experiments in Tableclearly not meaningful material properties. It is

clear that a diffusion Deborah number analysis I are examples of how the calculated Deborah
number can be used to identify differential sorp-has correctly anticipated anomalous diffusion ef-

fects. tion experiments that can be analyzed using the
classical Fickian approach.From the above results and discussion, it is fair

to conclude that the concept of a diffusion Deborah We conclude by commenting on two interesting
aspects of the above results. The first involves thenumber is very useful in the design and analysis

of differential sorption experiments. As noted pre- characteristics of the polymer sample, and the
second is concerned with the effect of changing theviously, calculation of the diffusion Deborah num-

ber for a particular set of experimental variables sample thickness L . The PS-methanol experiment
was conducted 307C below the glass transitionprovides a relatively simple way of anticipating

conditions for which anomalous effects can be ex- temperature of the pure polymer, whereas the
PVAc–solvent experiments were conducted aboutpected during a differential sorption experiment.

Figure 1 Dependence of D on L for three polymer–solvent systems: PS–methanol
at 707C, m; PVAc–toluene at 907C, l; PVAc–methanol at 607C, j.
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the sorption of solvents in PVAc at temperatures
307C or more above the pure polymer glass transi-
tion temperature (the second, third, and fourth
experiments in Table I) indicates that the classi-
cal form of viscous, Fickian diffusion can be ex-
pected for temperatures sufficiently far above the
polymer glass temperature. Also, the possibility
of Fickian diffusion is enhanced if the solvent con-
centration is sufficiently high. The results for the
PVAc–water system at 457C clearly indicate that
anomalous diffusion can be present in rubbery
polymer–solvent systems if the temperature is
only slightly above the glass temperature of the
pure polymer and if the solvent concentration is
kept low. The anomalous diffusion for the PVAc–
water system at 457C is in the form of a film thick-
ness effect, and it is similar to the film thickness
anomaly reported previously by Odani10 for a rub-
bery polymer–solvent system.

The diffusion Deborah number for the differen-
tial sorption experiments was varied in this study
by changing the initial sample thickness L , and

Figure 2 Dependence of D on L for PVAc–water sys-
different types of diffusional behavior were ob-tem at 907C.
served. This does not constitute an artificial de-
pendence of the diffusion process on sample size.
The film thickness L simply determines the time15–607C above the pure polymer glass transition
scale for a step-change sorption experiment. It istemperature. The presence of a Fickian diffusion
the relationship between this time scale and theprocess for sorption in the glassy PS–methanol
time scale for the rearrangement of polymer mole-system provides further evidence to that noted
cules that determines the nature of the diffusionalpreviously3,4 that diffusional transport for large
behavior for a particular system. In addition,diffusion Deborah numbers can be satisfactorily
changing the sample thickness L will often notdescribed by the equations of the classical, Fick-

ian theory. The presence of Fickian diffusion for change the nature of the diffusion process since

Figure 3 Dependence of D on L for PVAc–water system at 457C.
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it is not possible to carry out reasonable sorption properties of the glassy polymer), and it will not
be possible to lower this value significantly by in-experiments over a very large range of sample

thicknesses. For example, (DEB)D for the glassy creasing the sample thickness L . Indeed, the sam-
ple thickness required to change the initial Debo-PS–methanol system at 707C is so large that an

elastic, Fickian diffusion process will be observed rah number from a very high value to a very low
value (and, hence, change the case II diffusionfor all reasonable values of L . Similarly, (DEB)D

for the rubbery PVAc–toluene system at 907C is process to a Fickian diffusion process) could easily
lead to a sorption experiment, which would takeso small that a viscous, Fickian diffusion process

will be observed for all physically reasonable val- more than 1000 years to complete.
ues of the sample thickness. In general, changes
in the nature of the diffusion process can be ef-
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