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Abstract—Poly(vinylidene fluoride) (PVDF) and ethylene-chlorotrifluoroethylene (ECTFE) exhibited non-Fickian
diffusion behaviorsin the transient uptake of aromatic solvents. The diffusional exponents at the final stage of uptake
exhibited asymptotic vaues ranging from 0.9-1.0 for the sigmoida sorption of PVDF and 1.2-2.0 for the drastic ac-
celerating sorption of ECTFE. The asymptotic diffusiona exponent decreased with rising temperature. PVDF film ex-
hibited a linear increase in both machine and transverse directions with fractiond uptake, whereas ECTFE film in-
creased linearly in the transverse direction and exponentidly in the machine direction. A rate-type viscodlastic [Camera
Roda and Sarti, 1990] mode was applied to reproduce the anomalous sorption of fluoropolymer-solvent systems. The
fitted Deborah numbers ranged from 0.2-0.3 for PVDF, and 2-5 for ECTFE. The diffusivity ratio, D,/D,, of PVDF-
solvent system was fitted as tenth order of magnitude lower than that of ECTFE-solvent system. The fraction of initid
surface concentration, S, was fitted in the range of 0.6-0.8 for both ECTFE and PVDF. It is plausible to assume that
diffusion coupled with comparable structura relaxation has the asymptotic diffusional exponents that are strongly de-
pendent on accel erating curvature, and total sorption is contributed by relaxation-induced viscoel astic volume change
aong with concentration-driven Fickian diffusion.
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INTRODUCTION

The diffusond behavior of many solvents in glassy or semic-
ryddline polymers cannot be adequately described by a concentra:
tion-dependent form of Fick’s law with congtant boundary condi-
tions, epecidly when messtransfer is coupled with structurd relax-
ation [Crank and Park, 1968; Frish, 1980; Carbondl and Sarti, 1990;
Ramesh and Duda, 2000]. The dructurd relaxationisusudly referred
to as sweling, microcavity formation, breskage of (interchain) phys-
ica bonds, and phase trangtion during solvent uptake [Williams et
a., 1955; Alklonis, 1979; Rogers, 1985; Bae et d., 1994; Lee and
Knaebe, 1997]. Various relaxation spectrums were practicaly ob-
served in polymer-solvent systems due to the pladticization degree
of theimbibed solvent. The mathematicd modds for trandent sorp-
tion intrindcdly indude the relaxation-induced sorption in poly-
meric materids [Long and Richman, 1960; Berens and Hopfen-
berg, 1978; Neogi, 1983; Durning, 1985; Camera-Roda and Sarti,
1986, 1990; Doghieri et d., 1993].

Three badc dasses of non-Fickian behaviors can be diginguished
depending on the reldive contribution of diffuson and relaxation
kinetics[Crank, 1975].

1. Case | (which gppears as Fickian diffuson): the rate of dif-
fusonismuch lessthan that of relaxation process.

2. Caze Il (moving front): diffusion is very rapid compered with
relaxation at the moving boundary.

3. Caz Il (non-Fickian or anomalous diffusion): diffusion and
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relaxation rates are comparable.

For very dow gructurd change, the diffusion exhibits seemingly
Fickian behavior which is referred to as Case |. The rdlaxation co-
efficient is usudly negligible during transient sorption. Case |l sorp-
tion deds with the phenomenon where the morphologica changes
appear to be abrupt, and the relaxation coeffident is usudly assumed
to be congant over the average concentretion [Alfrey, 1965]. For
comparable rates of sructura relaxation to diffuson, the diffuson
behavior is usudly referred to as Case 111. The relaxation coeffi-
cient usualy exhibited a linear or an exponentia dependence on
solvent concentration.

Characterization of the diffuson process can be aso dassfied
by the use of trangport kinetics.

F=M/M=kt" @

where M, is the sorbed mass of solvent &t timet, M, is the sorbed
mass a equilibrium gate, k is a congant incorporating cheracteris-
tics of polymer-solvent system, and n is the diffusond exponert,
which isindicative of the transport mechaniam. A vaue of the ex-
ponent N=0.5 in planar geometry implies Fickian diffuson, and a
vaue of n=1 implies Case Il diffusion, whereass anomaous (Case
[11) trangport is implied for vaues of 0.5<n<1 [Agarita and Nico-
lais, 1983).

Rate-type viscodagtic modds were suggested to accommodate
the sgnificant nonHFickian diffuson such as Sgmoidd, Cese I,
dragtic accderating sorption. The CameraRoda and Sarti model
[1986, 1990] intrinscally alowed the Fickian diffuson with an ef-
fective diffusvity changing in time to accommodate a broader spec-
trum of rdaxationd kingtics Doghieri & d. modd [1993] originated
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from Camera-Roda and Sarti [1986] model based on thermody-
namicaly-derived rdlaxaion time. Kalospiros et d. [1991, 1993
modd was smply endowed with two adjustable parameters based
on Maxwel-type viscodadtic equation. Among them, the CMRT
[Camera-Roda and Sarti, 1990] mode was usad to reproduce anom-
dous sorption data that was olbserved in fluoropolymer-solvent sys-
tems.

0p__0J ._. . ..
at aX’J Frd
3=-D0g 3, =-D,0p-15 @

The diffusive mass flux was expressed as the sum of Fickian flux
and rdlaxationd flux: J-=Fickian term, and J;=relaxation term; @is
the volume fraction of the penetrant in the matrix. The 7and D gand
for the v ues of rdlaxation time and diffugvity that were assumed
to be exponentidly dependent on the solvent concentration, as es-
tablished by smplified versons of the free volume [Fujita, 1961].

The CMRT modd lumped the relaxation propertiesinto the norn-
Fickian diffusive flux term, J;, to reduce the complexity due to cou
pling of stress, concentration, and chemicd interactions. Even though
modd equations were able to reproduce dl the Fickian and non-
Fickian behaviors, they il had unresolved problems of how to cor-
relate the rd axation parameters with molecular interactions and re-
arrangement. In practice, rlaxation terms of concentration-depen-
dent processes are another semi-empirica expression of the time-
dependent process.

The following sections presant trandent sorption data for aro-
matic solventsin severd fluoropolymers (such as PFA, PVDF, and
ECTFE). A rate-type viscodagtic modd was gpplied to the anom-
aous sorption behaviors observed in PVDF and ECTFE in terms
of relaxation characterigtics in conjunction with diffusion behavior.

EXPERIMENTAL

Severd fluoropolymers (such as PFA, PVDF, ECTFE) weretes-
ed: Perfluoro-akoxy copolymer (PFA) is the mdlt processsble co-
polymer containing a fluorocarbon backbone with randomly dis-
tributed perfluorinated ether Sde chain. Ethylene-chlorotrifluoroet-
hylene copolymer (ECTFE) is an essentidly dternating copolymer
of ethylene and chloratrifluoroethylene. Poly(vinylidene fluoride)
copolymer (PVDF) is the addition polymer of 1,1-difluoroethene
that is readily polymerized as a partidly crysdline polymer. The
commercidly available forms of PVDF and ECTFE were uniaxi-
dly oriented in the machine direction (MD), nat in the transverse
direction [Imbazano, 1991].

Trandent sorption experiments were carried out, typicaly usng
pure aromatic solvents and dry fluoropolymers. Specificdly, a pre-
weighed and measured polymer film (3inch dia. and 20 mil thick-
ness) was sugpended on awire, then immersed in a jacketed flask
filled with the solvent, of which temperature was controlled by cir-
culating water through the jacket. At periodic time intervds, the
film was removed from the liquid to be weighed. Before the film
was weighed, the liquid adhering to the polymer surface wes re-
moved quickly by flushing with compressed air.

Corresponding rate data was plotted in terms of fractiond mass
uptake vs. square root of time. The solubility was measured by d-
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lowing a pre-weighed sample to remain in contact with the solvent
for an extended long period. Varidbles that were syseméticdly test-
ed include temperaure (25, 45, and 65 °C), and the aromatic sol-
vents (benzene, toluene, chlorobenzene). An Ohaus Gadaxy 110
microbaance with an accuracy of +0.1 mg was used to meesure the
meass change of immersed polymer films. The dimensond changes
of each sorbed sample were measured periodicdly usng “digita
eectronic cdipers’ (sengtivity=+1 mil).

RESULTS AND DISCUSSIONS

1. Characterigtics of Relaxational Sorption

PFA exhibited aseemingly idedl Fickian diffusion behavior with
congant diffuson coefficient. That is, when viewed on “fractiona
mass change’ veraus“ square root of time” coordination, the datais
roughly linear initialy and then gpproaches saturation asymptoti-
cdly, in congruence with Fick’s law. PVDF film produced a typi-
cd sgmoidd sorption curve with asingle inflection point. After a
short linear period, the curve became convex with repect to time
axis, indicating that uptake was accderating followed by an asymp-
totic gpproech to saturation. ECTFE film produced even more un-
usud sorption curves that exhibited a dragtic accderation until satu-
raion was attained (sse FHg. 1).

The volume change during trangent sorption was directly mea:
aured as an increase of dimengiond length of polymer film with
fractiond upteke of the solvent. As shown in Fg. 2, PVDF film
was linearly increesed in both directions (machine & transverse)
with fractiond upteke. On the other hand, ECTFE film increased
linearly in the transverse direction and exponertidly in the machine
direction with fractiond uptake. Therefore, it is plausible to assume
thet structurd relaxation in ECTFE-solvent system has stronger de-
pendence on concentration in comparison to thet of PV DFsolvent
system. InHg. 2, thedimensonal change isdefined esL /L, where
L, isthe change of one-dimensiond length at time of trandent ol-
vent uptake and L, is the change in length & equilibrium solvent
uptake.

When the sorption curves are reported on logarithmic scdes, itis
essy to evauate the power of time (or diffusond exponent), towhich
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Fig. 1. Various sorption behaviors of fluoropolymer-benzene sys-
tems(OJ: PFA, O: PVDF, A: ECTFE).
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Fig. 2. Dimensonal change of fluoropolymer filmswith fractional
uptake of benzene: (a) PVDF, (b) ECTFE.

the mass uptake of the penetrant is proportiond. As seen from Fg.
3, PFA film exhibited Case | sorption of which theinitid dope was
goproximatdy 0.5, which is a characteridic vaue for Fickian dif-
fuson. On the ather hand, the initid values of diffusond expo-
nents, n,, ranged in 0.6-0.7 for both PVDF and ECTFE films. The
asymptotic values of diffusond exponents, n,, & the find stage of
uptake ranged in 0.9-1.0, respectively, for PVDF and 1.2-2.0 for
ECTFE (see Table 1). Anomd ous sorption curves obsarved in PYDF
and ECTFE exhibited a short lineer region seemingly governed by
Fckian diffuson, and afollowing accd eraion curveture. The asymp-
totic diffusond exponents indicated that a rate dependence could
be expressed as M,/M,,[1t™ & the find stage of uptake [Jecoues et
d., 1974).

It is generdly accepted thet the accderation curvature is dosdy
relaed to the rate & which polymer chains rearrange themsdlvesin
the presence of penetrated solvents. Dogherie and Sarti [1997] sug-
gested that the totd volume of rdaxing medium is described by the
aum of an dadtic valume, V¢, representing the indantaneous response
and a vicodadic valume, V,, changing in time due to structura
relaxation. Therefore, it is plausible to assume that totd sorption
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Fig. 3. Log-log plats of the kinetics of fluoropolymer-benzene sys-
tem at 25°C: (a) PFA (), (b) PVDF (O) and ECTFE (A).

Table 1. Diffusonal exponents of sorption data of fluoropolymer-
solvent systemsfitted by transport Kinetics

Polymers PVDF ECTFE
Temperature  Solvent n, n, n, n,
25°C Benzene 061 101 061 192
Toluene 061 099 056 1.9
Chlorobenzene 0.74 086 0.71 1.96
45°C Benzene 062 092 062 164
Toluene 068 091 0.69 166
Chlorobenzene 0.64 0.74 0.66 145
65°C Benzene 061 090 0.67 127
Toluene 064 084 067 120
Chlorobenzene 0.60 0.75 0.71 1.27

was contributed by rel axation-induced viscodagic volume change
aong with the concentration-driven Fickian diffuson. We here use
the asymptotic diffusona exponents, n,, to illustrate the relaxation-
dependence on temperature. As seen from Fig. 4, the asymptotic
exponents were decreased with the increase of temperature, in ac-
cordance with thet sorption mechanism changed from relaxation-
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Fig. 4. Temperature dependence of n, dope of uptake curvein
ECTFE ((I: Benzene, O: Tolueng, A: Chlorobenzene).

controlled diffuson into diffuson-controlled relaxation as the tem-
peratureisincreasad [Odani, 1961; Thomasand Windle, 1981, 1982].
In other words, relaxation time is decreasad with risng temperature
due to the decrease of rdaxation effects on diffusion process

2. Application of Camera-Roda and Sarti [1990] Model

A finite-difference method was goplied to governing mass bdance
equations congging of the viscodadtic flux equation. The Crank-
Nicholson method has been adopted to integrate the equations over
atime gep. In the space finite differences, linear varidion of the
variables has been assumed between consecutive grid knots, and
the grids for the diffusive flux have been staggered in order to im-
prove gability and accuracy. Runs for different parameter vdues
were accomplished with a uniformly spaced grid of 51 points, and
assuming atime step At'=0.00038 [Camera-Roda and Sarti, 1990].

The CMRT modd for the gpplication to trandent sorption deta
has four adjustable parameters (such as S, K+, De, R,) with addi-
tiond data of D, and ¢, Then, §, isthe initid surface concertra:
tion, and K isthe rlaxaion sengtivity coefficient. Also, Deisthe
wel known diffusion deborah number, and R, isthe diffusivity ratio
of D/D,. With pre-determined values of D, and ¢, other parame-
ter vaues (uch asK;, R, and §) were fitted with the Sepwise in-
crease of the diffusion deborah number. In the evauation of model
parameters, the best-fitted parameter sets were congidered to exhibit
the minimum SSD (sum of least square deviations).

The numerica schemes reproduced dmogt the same graphs re-
ported in Camera-Roda and Sarti [1990], as shown in Fg. 5. Fick-
ian behavior was reproduced a very low Deborah numbers, and a
larger R, magnifies the deviation from the Fickian behavior for the
intermediate vaues of De. Any condderable vadues of De and R,
generated the didtinct anomaous sorption curves, epecialy over-
shoots, oscillations, and Cese |1 sorption.

The CMRT modd reproduced anoma ous sorption curves by the
combination of four parameter vaues (such as S, De Ky, and Ry)
with pre-determined values of D, and ¢, Then, ¢, is the equilib-
rium volume fraction thet can be experimentaly messured (Table 2).
Theinitid diffugvity, D,, was obtained from the firgt linear region
of sorption curve that is assumed to be governed by Fickian dif-
fuson [Leeand Knaebd, 1997]. Theinitid diffusvities of solvents
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Fig. 5. Effect of various Deborah numbers on the numerical cal-
culation of CMRT mode!: (a) R,=10, (b) R4=100.

Table 2. Equilibrium volumefraction of solventsin fluoropolymers

at 25°C
Polymers Benzene Toluene Chlorobenzene
PVDF 0.0497 0.0423 0.0332
ECTFE 0.066 0.0593 0.0624

in PVDF are 0.942x10°°, 0.588x10°°, and 0.441x10°® cn/day for
benzene, toluene, and chlorobenzene, respectively. The initid dif-
fusivities of solventsin ECTFE are 248x107, 1.78x107, and 1.28x
107 am?/day for benzene, toluene, and chlorobenzene, respectively.

As seen from Fg. 6, the CMRT modd admost reproduced the
anomaous orption curves observed in PVDF and ECTFE films. A
dight deviation of predicted vaues from experimentd datawasdso
observed at the find sage of uptake, eg., less asymptotic gpproach
to saturation for PVDF, and dight oscillation pegksfor ECTFE. The
vdidation of the CMRT mode, however, should be deferred until
the fitted parameter vaues are proved to have physica and quanti-
tative values.

All the parameter vauesfitted by the CMRT modd are summa:
rized in Table 3. The fitted deborah numbers were in the ranges of
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Fig. 6. The sorption curve of benzene at 25°C reproduced by
CMRT modd fit: (a) PVDF, (b) ECTFE.

Table 3. Fitted parameter valuesof CMRT modd for sorption data

at 25°C
Polymer Parameter Benzene Toluene  Chlorobenzene
PVDF S, 0.699 0.727 0.762
K; 66.5 189.3 64.3
De 0.250 0.338 0.262
Ry(Kp?) 31.3(3.44) 56.4(4.03) 29.1(3.37)
SSD 459x10™ 2.55%x10* 215x10™*
ECTFE S, 0.608 0.602 0.594
K; 123.0 162 114
De 3.553 3.220 5.544
Ry(Kp?) 323(5.78) 322(5.77) 693(6.54)
SSD 22x10" 293x10* 3.34x10"

*o=In(D /Do),

0.2-0.3 for the sgmoidd sorption of PVDF, and 2-5 for the dragtic
accderating sorption of ECTFE. The diffugvity retio, Ry, in PVDF-
solvent system was d<0 fitted as tenth order of magnitude lower
than ECTFE-solvent systems. Accderaion features in the weight
uptake were predicted & intermediate values of De with high values

of R.. The initid surface concentration, S, was fitted in the ranges
of 0.6-0.8 for both ECTFE and PVDF. The relaxation senstivity
coeffidient, K, wasfitted in the ranges of 50-200 that is quite higher
than the reported vauesin Camera-Roda and Sarti [1990]. The high
vaues of K; meansthat initid surface concentretion, S, is rdaxed
very rgpidly to equilibrium vaue of unity.

The sengtivity factor for relaxation time, K+, should be teken dif-
ferent from the sengitivity factor for the diffusvity, K, becausethese
quartities are influenced by different degree of extent for the same
concentration [Ferry, 1970]. Theratio of K,/K; usudly ranges from
05-1.0if the vadue has the same physica meaning of B,/B, accord-
ing to Fujitas free volume theory. For ingance, Kulkarni and Stern
[1983] gat B, vaueswhich ranged from 0.9-1.0 basad on unit vaue
of B, for ssmicrygtdline PE of C,H, and C;H,, wheress B, of amdl
molecules (such as CO, and CH,) ranged from 0.5-0.8. The ratio
of B,/B, was indeed less than one and goproached unity only for
the larger penetrants in naturd rubber. For large molecules which
have sufficient interactions with the polymer molecules, it is rea
sonable to assume thet an explicit correlation of diffuson with re-
laxation processi.e, the coupling parameter is goproaching the upper
limiting value of unity. The estimated K/K- vaues by the CMRT
modd, however, were S0 low that thefitted K vdues were not rea
sonably fitted values, or rather behaving as an arbitrary adjusting
parameter.

CONCLUSIONS

Trandent orption of aromatic solvents in fluoropolymers was
conducted to investigate the relaxation kinetics in conjunction with
diffusion behavior. PVDF film produced atypicd sigmoidd sorp-
tion curve, indicating thet uptake was accelerating followed by an
asymptatic goproach to saturation. ECTFE film produced even more
unusud sorption curves that gppeared to accelerate until saturation
was atained. In the gructurd relaxation in time, PVDF film was
linearly increased in both directions (machine & transverss) with
fractiona uptake. On the other hand, ECTFE film increased lin-
early in the transverse direction and exponentidly in the machine
direction with fractiond uptake. By log-log plots of sorption curve,
both PVDF and ECTFE exhibited the dmost sameiinitid dopes of
n,=0.6-0.7, followed by asymptotic vaues of n,=0.9-1.0 for 9g-
moidd sorption and n,=1.2-2.0 for a dragtic accelerating sorption.
The asymptotic exponents decreased with the increase of tempera
ture, indicating that rdaxation time is decreased with rising tem-
perature due to the decrease of rdaxation effects on the diffuson
process, i.e, relaxaion sendtivity coefficient should be decressed
with rising temperature.

A raetype viscodadtic [Camera-Roda and Sarti, 1990] modd
was gpplied to reproduce the anomaous sorption curves observed
in ECTFE and PVDF. The fitted deborah numbers ranged in 0.2-
0.3 for PVDF, and 2-5 for ECTFE. The diffusivity retio, D/D,, in
PV DF-solvent sysem wesfitted as tenth order of magnitude lower
than ECTFE-0lvent systems. The initid surface concentration, S,
ranged in 0.6-0.8 for both ECTFE and PVDF. K+, wasfitted ashigh
vaues of 50-200, which meansthat initid surface concentration is
relaxed very rapidly to equilibrium vaue of unity. Even though the
CMRT modd reproduced anomalous sorption datawel in aqud-
itetive sense except for adight deviaion a thefind stage of uptake,

Korean J. Chem. Eng.(Val. 21, No. 6)
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the validation of the model should be deferred until the parameter
vaues are proved to be reasonably and quartitatively fitted vaues.

Condudvdy, it is plausble to assume thet diffusion coupled with
comparable sructurd relaxation has accderating curvature thet is
strongly dependent on asympitotic diffusona exponents, and total
sorption is contributed by relaxation-induced viscodastic volume
change dong with concentration-driven Fickian diffuson [Sarti and
Doghieri, 1998].

NOMENCLATURE

By, :minimum hole required for adiffusiona displacement of
the solvent

B, :minimum holerequired for apolymeric jumping unit

De :diffusion deborah number [TD/I7]

D, :effectivediffusivity changingintime[D,=Dg-D,]

D, :diffusvity at the very beginning of adiffusion process

D, :diffusivity of the completely relaxed polymer at equilibrium
state

F  :fractiona massuptake, M,/M,

f, :fractional free volumein the pure polymer

J : diffusional mass flux

k,n :congants

Kp :sengtivity coefficient of volumefraction in the diffusivity

K; :sengtivity coefficient of volumefraction in the relaxation

time
M, :massupteke a time[t]
Ry :diffusivity ratio [D./D,]
S, :initid surface concentration [ @/ ¢
V, :viscodadtic volume according to Dogherie and Sarti [1997]
Ve : eagtic volume according to Dogherie and Sarti [1997]
Greek Letters

@ :volumefraction of the solvent in the polymer matrix

T  :relaxationtime

y  :sendtivity coefficient of free volumefraction depending on
temperature and concentration

Subscripts

eq :equilibrium state
f : fickian

0] s initid state

r : relaxation

t time
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