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Abstract

A detailed analysis of the sorption equilibrium and the diffusion of water vapor under different activities through an unsaturated polyester
resin (UPR) has been undertaken by differential permeation and microgravimetry techniques. The BET-type Il sorption isotherm obtained
by microgravimetry was analyzed with the Zimm—Lundberg approach to determine the mean cluster size in the UPR film: the latter increases
drastically with the water content in the film. The transient permeation flux can be well fitted when a concentration-dependent diffusivity of
exponential type is used. From the water content at sorption equilibrium and the steady-state permeability, a mean diffusion coefficient for the
steady state can be determined; its decrease with increasing water activity is consistent with the increase in the mean clu$89%ize.
Elsevier Science Ltd. All rights reserved.
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1. Introduction molecular species in polymer materials above their glass
transition temperature [3]. Nevertheless, the experimental
In many applications of polymer materials, the sorption determination of the parameters of this type of diffusion
and the diffusion of low-molecular weight compounds in the law is not easy.
materials play a key role. Numerous damages can result Microgravimetric methods using an electronic micro-
from the diffusion and the sorption of water or other vapor balance are generally chosen for the study of sorption and
molecules in these materials: loss of adhesive strength,diffusion phenomena. They offer a convenient way of
production of cracks, polymer modifications/degradations, obtaining directly the sorption isotherms. From the sorp-
leaching of polymer fragments, degradation of underneath tion/desorption kinetics, a value of the diffusion coefficient
substrates or changes in the properties of the productscan be computed. It corresponds to either a constant diffu-
protected by the polymer materials [1]. Unsaturated Poly- sion coefficient or a mean diffusion coefficient of a concen-
ester Resins (UPR) are often used in fiber-reinforced tration-dependent diffusivity. However, it is generally
composites in many application areas. Due to the presencedifficult to know whether the diffusivity is concentration-
of polar groups and hydrophilic end groups, UPR are sensi- dependent or not from a single sorption experiment. The
tive to water. The objective of this work is to investigate the concentration dependence of the diffusion coefficient can
sorption and diffusion properties of UPR when the resins are be evidenced from a series of sorption experiments carried
in contact with water vapor at different relative humidities. out at different vapor pressures: the values of the diffusion
The diffusivity of vapor components often depends on the coefficient determined from the sorption kinetic data
permeant local concentration. Although several mathemati- obtained at different vapor pressures are no longer constant
cal expressions are available for the concentration depen-[4].
dence of the diffusion coefficient, the exponential The diffusion coefficient can also be determined from the
dependence [2,3] is the most popular. It is also compatible differential permeation data obtained from a vapor trans-
with the free-volume model used to describe the diffusion mission method [5,6]. The effect of the concentration depen-
dence of the diffusion coefficient on the transient
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polymer network systems, [7-9]; and acetic acid—poly- Eqg. (2), which corresponds to the late-time period of
(vinylalcohol) [10]. Recently, a numerical method was diffusion.

proposed for a reliable fitting of transient permeation data

to extract the values of the concentration-dependent diffu- 2.2. Differential permeation

sion law [10]. The amount of vapor sorbed at equilibrium Th t orinciol d d q ibed
can be calculated from the steady-state permeation flux. € measurement principle and procedure were describe

under certain conditions. in a previous paper [12].

Although the transient sorption and the transient perme- When t_he upstream _face of an initially dry film is
ation methods were currently used for the study of the diffu- sudd.enly mto_ contact with an atmosp_here at f|>§ed water
sion (and the sorption) of molecular species in polymers, so activity a, while the downstream face IS swept with a dry
far they have not been used together to study the diffusion of9as at the flqw ratd, a y\(ater permeqtlon flux occurs
the same penetrant—UPR system. In the present paper, wi hrough .the f|lm. The |n|t|allly. nil qux' Increases progres-
show that the use of the two techniques for the study of the sively with time up to a limitJ; typical of the steady

same penetrant—polymer system leads to valuable informa—?tate_' TT)? v aféag"f‘ tOf th? redgggi,wlater f s with ii
tion on the behavior of water vapor in the sorption and blme 'jo amed_ oy In ‘33;""50.” OFFICK'S faws In Iourspect; Ic
diffusion in unsaturated polyester resins. oundary conditions. WheD is constant, its value can be

determined either from the time-lag wheret, is the inter-
cept on the time axis of the asymptotic line of the plot of the
2. Theoretical background cumulated permeated water amount versus time [12]:
2
The mathematical treatment of diffusion transport is D = L
based on the following assumptions: t

or from the timety 4 corresponding to a value afJg; =
t- 0.24, i.e. at the inflexion point of the transient permeation

©)

¢ the polymer material is homogeneous;
¢ the diffusion process is Fickian, i.e. not time-dependen

« the sorption of the penetrant at the film interfaces is much ¢U"V€
faster than the diffusion in the material, which is the rate- 0.091L.2
determining step. In other words, the interfacial sorption D = “toon 4

equilibrium is instantaneous and steady.

hi K ider th ¢ diffusion i | For the concentration-dependent diffusion, these two values
In this work, we consider the case of diffusion in a plane . 5 longer be the same.

sheet, where the mass transfer occurs in the perpendicular WhenD is not constant, the diffusion coefficient is gener-

direction to the plane sheet. ally considered to increase exponentially with the local
permeant concentration in the film during the course of

2.1. Transient sorption water penetration [13]:

This case is well treated in the literature [11]. The initial D = D, exp(yC) (5)
mass gain is shown to be proportional to the square root of , o . .
the time; the proportionality coefficient (slope of the plot) is WNereDo s the limit diffusion coefficienty( the plasticiza-

[11]: tion coefficient andC the local permeant concentration.
To determine the two parameters of this diffusion law, we
4 D use a new method that is described in details in a separate
“TIVx @ paper [14]. This method does not require a numerical fitting

software as in the other methods [10], nor a computer! It is
based on two correlations using the properties of the
inflexion point (corresponding td/Jg = 0.24). The first
correlation is the one between the plasticization factor
vCeq and the slopex(of the plot of the dimensionless flux
J/Jg versus the reduced time= Dt/L? at the inflexion
AM o2 2Dt point, whereDy, = D, exp(yCq) is the diffusion coefficient
Inl1- =-Ihg - =% ) ding to the equilibrium concentration of the
( AMeq) ) L2 corresponding q fthe
permeant in the polymer [14]. The second correlation is
From the slope of the plot of the left-hand member versus that of ryg.4 (= DMtoA24/L2), i.e. 7y value at the inflexion
time, a diffusion coefficient can then be calculated. point, and the slope [14]. At this specific point, we have a
WhenD is concentration dependent, Eq. (1) can be used defined value for the reduced time= 0.091, whatever the
but with D substituted byD;), whereD represents some values of the parameters of the concentration-dependent
kind of early time average diffusion coefficient. The value of diffusion law.
(D) would be different from the valuéD,) calculated with The calculation procedure involves the determination,

wherelL is the thickness of the polymer film.

After the half of the mass gaift > t;,), the rate of mass
gain increase begins to fall noticeably toward the mass gain
at sorption equilibrium: iD is constant, then the asymptotic
mass gain obeys Eq. (2):
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from the transient flux data, of the slopethat leads to the  temperatures of the dry film and the water saturated film;
values ofyCgq and myo 24 The latter are then used in the they are 95 and 7&, respectively.

following series of equations to compujg Ce,, andD:
3.2. Differential permeation with a high-sensitivity

L2
Dy = TM0.24 (6) permeameter

to.24
The permeameter consists of a measurement cell, a dry

_ —Ce nitrogen supply, and a hygrometric unit consisting of two
Dy = Dye q (N : ;
sensors. The first sensor, a capacitance-type hygrometer
Du — D (gold-plated alumina device, from Shaw Ltd, Bradford,
= % 8 England), was selected because of its fast-response (the
a

response time is shorter thafB8 s for increasing humidity),
and the second one (chilled mirror hygrometer, General

Ceq & 9 Eastern Instruments, Massachussetts, USA) was used for
Y its high accuracy:+0.07%. (volume) of water vapor in a
with P (mmol cm™), the permeability coefficient obtained ~ 9as- All the measurements were carried out 8C2bith the
from the steady state flux: same film. Its thickness was(@B0=* 0.005 cm The film
surface area exposed to the fluids v@&s 30 cnf.
P— Jsil (10) The previously dried film was mounted in the cell and dry
Aa nitrogen was flushed in both compartments many hours until

whereC,qis the water concentration in the polymer at sorp- & dew pointlower than- 70°C was obtained. Then a stream
tion equilibrium, andAa the difference in water activities ~ Of fluid (water inliquid or vapor form) was pumped through
between the two faces of the film. The integral mean the upstream compartment, and the water concentration in
diffusion coefficient is defined as [11,15]: the initially dry sweeping gas was monitored in the down-
stream compartment via the hygrometers and a data
D= L Ceg D’ dC — Dv — Do (11) acquisition system.
Ceq Jc=0 0 YCeq The fluxJ(L,t) at the dry interface is obtained from:

f 6 Xout _ X|n

I = 10 R P (12

3. Experimental _ ) )
with Sas the film surface area, R the ideal gas constant, and
3.1. Materials T,, the temperature (in K) of the experiment. The pressures
x" and x*" are indirectly obtained fronTy, (dew point
The UPR precursor provided by Cray Valley-Total Corp. temperature) of the sweeping gas.
consists of a copolymer of maleic acid (25mol%) and Here ppmV concentration ot is calculated from the
isophthalic acid (25 mol%) with propanediol (50 mol%), Wwater vapor pressurp, which is directly related to the
styrene (38 wt.% styrene), and a small amount of polymer- sweeping gas dew poinfg, at the inlet an the outlet of
ization inhibitor (hydroquinone). The resin is hardened via a the cell & ppmv= 10°p/p, p; being the total pressure,
radical process with an initiator. To harden the precursor, of usually 1 atm):
a 6 wt.% solution of cobalt octoate(Akzo), an activator, is A
first mixed with the resin (0.2 wt.% on the precursor basis). x = exp(— — + b) (13
Then 1.5wt.% of methylethylketone peroxide (Akzo) Tap
initiator solution is added to the mixture. The radicals RO 114 valuesA = 618566 andb = 31.38 were used, Witfy,
produced by the reaction between the activator and the;
initiator initiate various addition reactions of styrene to
other styrene molecules or to the double bond in maleic
acid moieties on polyester chains.

in K, for the dew points ranging from 203 to 223 K.

The water activity on the upstream side was measured
with a moisture sensor. As the water activity on the down-
stream side is negligible compared with that on the upstream

To prepare UPR films, the resin was cast between two giqe the driving force for permeation is practically the water
polypropylene (PP) plates, and allowed to harden at room activity on the upstream side.

temperature. PP plates were used to avoid the adhesion of

the resin with the support. Then the free UPR film was post- 3 3. sorption microbalance

cured at 80C (for 6 h) and at 120 (for 2 h) to ensure a

maximum conversion of styrene. The specific mass of the A Sartorius 4201 electromagnetic suspension micro-

dry film was 1.15 g cm®. The film was charaterized by balance was used for an accurate measurement of diffusion
infrared spectroscopy and by differential scanning rates of water vapor in the resin. The microbalance and the
calorimetry. By the latter, we measured the glass transition operation procedure were described in a previous paper [4].
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Fig. 1. Experimental sorption kinetics recorded from microbalance output for UPR film (0, 081hick) under different water vapor pressures.

The microbalance has a 0.01 mg resolution for a full scale of made on the apparent masses obtained [4]. The sorption
100.00 mg. The same sample of a 0.0310 cm thick film was chamber was maintained at 250.01°C. The percentage
used in all sorption experiments; it was prepared in the samemass gain of the film at tim¢éAM was defined on the
batch, and had the same permeability, as that used in thebasis of the dry film mashl,.
sorption experiments. Briefly, in a typical experiment, the  The volume fraction of water in the water—resin system
system is evacuated by vacuum pumping, then the water¢,, was calculated from the mass gain at sorption equi-
vapor source is connected to the sorption chamber, andlibrium(AM, and the specific mass of the polymey and
the sample weight is monitored until a constant weight is that of waterp,,, assuming negligible excess volume upon
reached for each water activity fixed by the temperatures of sorption:
the vapor generator. Correction of the buoyancy effect was

_ (AMO)pp

(14
Mopw
Ceq (mmd.crm)
061 4. Results and discussion
051 4.1. Sorption isotherm
041 A

A The variations as a function of sorption time of the rela-
031 Permeation /4 tive water uptakes of the dry UPR sample when it is put in
an atmosphere at different water activities are shown in Fig.

02 ) 1. These variations does not show any apparent diffusion
011 ’ anomalies during the time scale of the sorption experiments,
Sorption as one may observe for a glassy polymer—condensible vapor
=TT system [15]: there is no overshoot in the sorption kinetics
00 01 02 03 04 Q5 06 07 08 09 10 nor irregular changes in the sorption patterns. The water
a (water activity) uptake for each water activity reaches a steady value at

. . o the end of the transient diffusion regime, then remains
Fig. 2. Water—UPR sorption isotherms at@%C,,versus water activitg). tant iod of d Y, that thi
Solid lines: sorption data directly determined by microgravimetry and constant over a period or ca. one gay. Ve assume that this

permeation data, calculated according to the procedure described in theStéady value is the one corresponding to a sorption equi-
theoretical part. librium between the material and water under the activity set
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water saturation pressure at@5respectivelyg,, the water
volume fraction in the water—UPR system, gpthe Flory
MCS | interaction parameter.

Fig. 3 shows a decrease in the Flory interaction parameter
when the water activity increases. A decrease in the Flory
X interaction parameter indicates a larger increase in the water
amount absorbed by the polymer with the water activities
41 than that given by the Flory equation. As the latter is based
MCS on a random distribution of the sorbed molecules throughout
2 the polymer volume, the additional sorbed molecules must
cluster to already sorbed molecules (which do not exclude
o , , , , , its own volume as assumed in Flory’s lattice model). Such a

0000 0002 0004 0006 0008 0010 clustering of sorbed water molecules in hydrophobic

Fig. 3. Variations of the Flory interaction parameter and the mean cluster polymer mate.r'lals is well known [5,15,17], and is attributed

size with the water volume fraction in the water—UPR system E25 to the high ability of water molecules to form intermolecular
hydrogen bonds. The mean cluster size derived from the
Zimm and Lundberg cluster integral [18] is given by

in the external phase. However, as the polymer remains in a[19,20]:

glassy state during the measurement, even for the polymer—

water system at the highest possible water con(€pt=

75°C), this sorption equilibrium is probably not the true 1
thermodynamic equilibrium. For a glassy polymer, the MCS= ax (16
chain rearrangement toward a new equilibrium conforma- 1-=2xdy + (1 - ¢W)( atn & )TP

tion compatible with the presence of water molecules is
generally long. In other words, the chain conformation
depends not only on the local water content but also on The MCS increases with water activity (Fig. 3), especially at
time over a long time period, and the history of the sample. high water activities. Such a strong increase in clustering at
Bavisi et al. [6] effectively reported a decrease in the perme- high penetrant volume fraction seems to be specific to
ability with increasing time for a similar UPR, over a period Water—hydrophobic polymer systems, if we refer to the
of several days. data reported on the hydrophobic polymers like aliphatic
The UPR sorption isotherm determined from the mass Polyamides, poly(vinylacetate) [15], poly(alkylmeth-
gains at different water activities is shown in Fig. 2. The acrylates) [17], or poly(dimethylsiloxane) [19]. On the
sorption extent is low, especially at low water activities. The contrary, the clustering of butanol molecules in poly-
water mass absorbed by UPR under water saturation pres{dimethylsiloxane) levels off at high penetrant volume
sure falls well on the extrapolated part of the curve obtained fraction [19].The difference in the behaviors of water and
with water vapors at lower activities. This situation butanols in polymers can be explained by a stronger asso-
contrasts with that observed by Heintz [16], in which the ciation power of water compared with butanols, and the
water amount absorbed by the poly(vinylalcohol) in equi- Smaller size of water molecules, which make possible the
librium with liquid water is higher than the one obtained clustering of several water molecules together in a limited
with water vapor at saturation pressure. space between polymer chains. It shows a pattern of the type
The isotherm for the water—UPR system shown in Fig. 2 !l isotherm in the BET classification, in much a similar way
is of type Il isotherm in the B.E.T. classification, similarly s the isotherms of water sorption into hydrophilic
to that of many synthetic polymers in water vapor sorption natural polymers like wool, silk or cellulosic materials
[15]. It is reminiscent of the Flory sorption isotherm, [15]. It should be noted that, for hydrophilic polymers, the
although the Flory—Huggins relationship with a constant Water sorption extent is high, ca. more than 20g/100g
Flory interaction parameter is not valid for the whole POlymer under water saturation pressure, while it is less
water activity range. The Flory interaction parameter was than 2 g/100 g polymer for Jones’s UPR sample. The differ-
calculated from the value of the water uptake in the water— €Nce in the two isotherms of water sorption in UPR shown in

resin system at each water activity according to the Flory— Fig. 2 could be explained by the higher fraction of Sib-
Huggins relationship: frozen microvoids, which act as Langmuir-type sorption

sites, in the sample studied by Jones. At low water activities,
P there would be an adsorption on Langmuir sites in these
In— =Ina=In¢, + (1L — ¢y) + x(1 — ¢>W)2 (15 microvoids in addition to the Flory-type sorption. At high
Po water activities, the Langmuir sites become saturated, and
the remaining Flory-type sorption results in similar sorption
wherep and py are the water vapor pressure used and the patterns for both samples (Fig. 2).
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Fig. 4. Plots of relative mass gain as a function of the square root of time for times smalléy,th8arption of water vapor in UPR at 25.

4.2. Diffusion coefficient from sorption data not quite linear (Fig. 5). The plot of {B,) versus the water
concentration in the polymer at sorption equilibrium is
The plots of the relative mass gain (Fig. 4) as a function of |inear (Fig. 6); the value of the diffusion coefficient at
the square root of time are practically linear. However, the zero diffusant concentration as determined from the plot is
plots do not go through the origin, as they would normally D, = 4x 10™° cm?/s, and that of the plasticization coeffi-
do [21]. The observed delays in mass gain were not due tocient is y = 3.9. The linear dependence of(l,) on C,
experimental artifacts, as no such a delay was observed incontrary to the cases of sorption of organic vapors in

similar experiments with other polymer films in the same polymers reported by Fujita [22], suggests that the time
microbalance [4]. The lower the delay in mass gain, the effect is small.

higher the external water activity. We speculate that either
the resin surfaces do not instantaneously sorb watery 3 piffusion coefficient and water concentration in the
molecules, or there are surface barriers to diffusion toward polymer at sorption equilibrium from permeation data
the core of the film. The latter may be highly crosslinked
surface layers resulting from the thermal treatment. Fig. 7 shows no slow relaxation in the materials due to
However, as the plots are only shifted in time origin but water penetration: if a chain relaxation occurred with a time
remain linear, we assume the sorption kinetics Fickian and scale of the same order of magnitude as the diffusion
calculate the early time diffusion coefficie(id,) from the process, then we would have observed a slow drift of the
slope with Eq. (1). permeation flux, but not a constant flux at the end of the
The values of(D;) for different water activities are transient permeation process. Such a constant flux was
reported in Table 1, together with the values of the late- observed in all cases, whatever the water activity, and the
time diffusion coefficient(D,). The latter are calculated permeation procedure (integral or incremental permeation).
from the slope of the plots (@ — AMy/AM,) versus time. The value of the Fick diffusion coefficient were calcu-
Although the(D,) values are of the same magnitude as the lated from the timeg, at the inflexion point and from the
correspondingD,) values, they are less reliable than the of time-lag (with the assumption of constant diffusion coeffi-
(Dy) ones, as the i1 — AMy/AM,) versus time plots are  cient). Table 2 shows that thg, value is always smaller
Table 1

Mass gain, water concentration at sorption equilibrium ébg and(D,) diffusion coefficient values for different water activities. UPR film thickness:
0.031 cm; temperature 25

Water activity (Meg — Mg)/Mg X 107 Ceq (mmol cnP) (D) x 1 (cm?s™Y (Dpy x 10° (cm?s™Y)
0.2 0.03 0.02 0.39 0.36
0.4 0.08 0.053 0.46 0.48
0.5 0.12 0.080 0.45 0.65
0.6 0.18 0.120 0.57 0.81
0.7 0.25 0.166 0.67 0.84
0.8 0.32 0.212 0.76 0.99
0.9 0.45 0.298 1.25 0.99
0.95 0.6 0.397 1.58 0.94

1 0.85 0.561 1.42 1.17
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Fig. 5. Plots of the Il — AM/AMg) versus time for times much larger thap. Sorption of water vapor in UPR at 25.

than theD, value whatever the water activity. As the former sorption kinetic data and with the good fitting of the tran-
value corresponds to an earlier period of the transient sient permeation flux using an exponential dependence of
regime compared with the latter one, this indicates that the diffusion coefficient on concentration; both of them
the diffusion coefficient increases during the permeation highlight an increase in the mean diffusion coefficient
process [8]. with water concentration in the film. Moreover, the water
The parameters of the exponential dependence of theconcentrations in the polymer at sorption equilibrium calcu-
diffusion coefficient on the concentration were calculated lated with the above described method lead to a sorption
according to the above described method. The agreemenisotherm (Fig. 2) quite different from that obtained from the
between the calculated permeation fluxes based on thesorption data.
determined parameters with the experimental fluxes is A re-examination of the methods designed for the deter-
illustrated in Fig. 6: the two curves practically coincide mination of the diffusion parameters is thus necessary. As
with each other. For comparison, the calculated curve the sorption isotherm directly determined by microgravime-
based on a constant diffusion coefficient of the sdme try cannot be called into question, we must question about
value is shown on the same figure: it is quite different the validity of the assumptions on which the method for the
from the experimental curve. parameter determination from transient permeation data is
The time-lag valud, as well as the value of the integral based. First, the assumption of a constant plasticization
mean diffusion coefficienD remain practically constant coefficienty in the concentration-dependent diffusion law
when the water activity increases (Table 2). These resultsis obviously not valid in the present case: thevalues
are apparently in contradiction with those obtained from the determined from the integral transient permeation decreases

In<D,> (em’s")
-17
y=39cm’mmol’; D,=410° enf's’
-18 1
)
d
19 4
d

3

20 . . . . Ceq(mmol.cm )

0.0 0.1 0.2 03 04 0.5

Fig. 6. Plots of I4D,) as a function of the water concentration in the polymer at sorption equilibrium.
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Fig. 7. Plots of the reduced permeation flux at@5)/Jg, as a function of the reduced time Experimental points and calculated curves obtained with a
constant diffusion coefficienD;,, and with the determined values of the exponential law of concentration-dependent diffusion coefiigient.
0.64x 10 8 cm/s; yCoq = 1.7.

with increasing permeant concentration (Table 2). Second, coefficient to the thermodynamic solubility coefficient S

the penetration delay for water molecules shown in sorption [23]:

modifies the values of the parameters. Indeed, the depen- p

dence of the limit diffusion coefficierD, on the permeant  Deq= S a7

breakthrough time in transient permeation will lead to an

artificially lowered value, when there is an additional delay WhereS= Cc4/a, andP is the permeability coefficient deter-

due to surface phenomena [10]. Unfortunately, it is not mined from the steady-state permeation flux. Contrary to the

possible to analyze further the influence of the surface case of gas sorption in polymerS,is not constant in the

phenomena, due to limited knowledge of these phenomenapresent case, and is calculated from the reliably determined
isotherm (from the data at sorption equilibrium for each

4.4. Simultaneous analysis of sorption and diffusion data  Water activity) shown in Fig. 2. Using th& values calcu-
lated at different water activities, the values[df, deter-

As there is no ambiguity in the values of water concen- mined with the steady-stat®® and C., values were
trations in the polymer at sorption equilibriu@y, we will calculated and plotted as a function of the water activity
use them to determine the integral mean diffusion coeffi- in Fig. 8. In the same figure, we also plot the valuePof
cient. The latter is simply the ratio of the permeability andD. D, represents the mean diffusion coefficient that

Table 2

Values are permeability coefficieRt diffusion coefficienD,, time-lag diffusion coefficiend, , integral mean diffusion coefficief, plasticization coefficient

v, and water concentration at sorption equilibri@ig for different activities. These values are calculated from the data of differential permeation experiments
carried out at different activities, on a UPR film of 0.028 cm thick &5

Water activity(a= p/pg) P (x10° mmolecm ts™) D, (x1Fcn?s) D, (x10Pen?’s™!) D (x1fen?s™h)

y (em® mmol™)  Ceq (mmol cmi®)

0.14 8.9 0.80 1.08 1.72 29.4 0.08
0.43 7.2 0.94 1.09 1.64 8.3 0.18
0.58 6.1 0.97 111 1.68 7.5 0.21
0.75 6.9 0.95 1.13 1.72 5.7 0.3

0.95 6.3 1.07 1.23 1.73 3.9 0.34
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Fig. 8. Plots ofD,, D (time-lag and integral mean diffusion coefficients from the differential permeation experiment at fixed water aCtiV[_D)é)‘ éntegral
mean diffusion coefficient determined with the steady-sagad C. values) as a function of the water activity.

controls the steady-state permeation flux according to and permeation of small molecules in polymer ab®yeEur Polym J
Eq. (17). 1993;29:237-43.
Fig. 8 shows a steady decreaseﬁgq when the water [4] Perrin L, Nguyer_] QT, Clgnent R, Nel J. Sorption anq diffusion of
LS — . solvent vapours in poly(vinylalcohol) membranes of different crystal-
activity increases, whereas the valuepfand D remain linity degrees. J Polym Int 1996:39:251—60.
constant. The three types of diffusion coefficient converge [5] Nguyen QT, Favre E, Ping Z, N¢ J. Clustering of solvents in
towards the same valuéca 1.5x 10 cm?/s) at high membranes and its influence on membrane transport properties.
activities, considering the error in the film thickness. Such J Membr Sci 1996;113:137-50. _ _ _
a situation was already observed by Wellons and Stannett [6] Bavisi BH, Pritchard G, Ghotra JS. Measurlng and reducing moisture
] ] L penetration through thick laminates. Adv Polym Technol
[24] in the case of water diffusion in ethyl cellulose, and was 1996-15:223-5
expla_ined bY_the _slowness of t_he Cl_UStering process [25]: the (7] Billard P, Nguyen QT, Leger C, Clenent R. Diffusion of organic
transient regime involves a migration of monomeric water, compounds through semi-IPN membranes. Sep Purif Technol
while the steady-state permeation involves a migration of 1998;14:221-32. . .
less mobile water clusters. This interpretation explains both [8] Vr‘:atsoz J’\I" Pay”eb';’A- A StUdybOf organic compound pervaporation
the excellent fitting of outransientpermeation curves with through silicone rubber. J Membr Sci 1990,149:171-206.
. . | ith th . dth [9] Favre E, Schaetzel P, Nguyen QT, @ent R, Nel J. Mechanistic
an mcreasm@ value wit t_e water Conlcentratlon' and the modelling of sorption phenomena in polymers: the engaged-species
decrease in theteadY'StaF@eq _Value: an increase In mono- induced clustering (ENSIC) model. J Membr Sci 1996;117:227—
meric water concentration Improves the local segment 36.
mobility (i.e. the water mobility) in the former case, while [10] Clément R, Nguyen QT, Grosse JM. Simulation and modelling of
it leads to Iarger water clusters in the steady state, and transient permeation of_ organic solver!t through pglymer films in
. . . . . the case of a concentration dependent diffusion coefficient. Macromol
smaller mean diffusion coefficient, in the latter case. In

. L. . . Theory Simul 1995;4:921-33.
fact, there is no contradiction in the results shown in [11] Crank J. The mathematics of diffusion, Oxford: Oxford University

Fig. 8: the two diffusion coefficientsD and D, do not Press, 1967 chap. IV.
refer to the same migrating species, which are monomeric [12] Métayer M, LablieM, Marais S, Langevin D, Brainville M, Chappey
water for the former coefficient, and water clusters for the C, Dreux F, Belliard P. Diffusion of water through various polymers

films. A new high performance method of characterization. Polym
Testing 1999; in press.
[13] Zolandz RR, Fleming GK. Il Gas permeation. In: Membrane hand-
book , vol. 31. New York: Van Nostrand Reinhold, 1992, p. 25-53.
[14] Marais,S, Meéayer M, Nguyen QT, Labb!, Saiter JM. Diffusion and

latter coefficient.
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