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Abstract

Sorption and desorption data for n-hexane–natural rubber and n-hexane–low-density polyethylene were analysed to reveal the cause of the
s-shaped sorption curves frequently occurring in highly swollen polymers. The model permitted the influence of solute-concentration-
dependent diffusivity, sample geometry, boundary concentrations and swelling-induced mechanical stresses on the transport data to be
examined. The calculated solute diffusivity varied by several orders of magnitude, depending on the choice of parameters included in the
model. The inclusion of direct mechanical stress relaxation parameters only gave a slight improvement of the fit to the experimental data. The
inclusion of a time-dependent surface concentration was the only way to fit the s-shaped sorption curves for both natural rubber and low-
density polyethylene. Although isotropic three-dimensional swelling of natural rubber occurred over the whole sorption transient period, this
condition was unable to explain the swelling (thickness increase) of low-density polyethylene. In the latter system, a model consisting of two
stages had to be adopted: stage I where the swelling was mainly one-dimensional, and stage II which occurred later and was characterized by
three-dimensional swelling similar to that occurring in natural rubber. During the transient sorption period, the ratio between natural rubber
and low-density polyethylene of the ratio of the thickness to cross-sectional area was close to their bulk modulus ratio, which suggests that it
is the bulk modulus rather than the Young’s modulus which determines the sorption characteristics of polymers aboveTg. q 1999 Elsevier
Science Ltd. All rights reserved.
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1. Nomenclature

mo
1 chemical potential at a solute activity

equal to unity
m1 solute chemical potential
aDe constant describing the magnitude of

concentration dependence ofD in Eq.
(4)

aDl constant describing the magnitude of
concentration dependence ofD in Eq.
(5)

js
xx solute-induced mechanical stress at

equilibrium solute concentration in
thex-direction

jxx solute-induced mechanical stress in
thex-direction

V1 solute molar volume
Dcoe zero concentration diffusivity in Eq.

(4)
Dcol zero concentration diffusivity in Eq.

(5)

a1 activity of penetrant
Ai cross-sectional area atxi

aK constant describing the magnitude of
concentration dependence onK

atm
constant describing the magnitude of
concentration dependence ontm

ats
constant describing the magnitude of
concentration dependence ont s

C, C1 solute concentration
D diffusion coefficient
Da,b diffusion coefficient for layer a and b
Dco diffusion coefficient at zero solute

concentration
err integration error in the Runga–Kutta

method
« xx strain in thex-direction
Fo rate of evaporation
h step length in the spatial direction
i integer number of the spatial position
j integer number of the time position
K bulk modulus
k1,k2,k3 constants in the Runge–Kutta method
Kco bulk modulus at zero solute

concentration
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l plate thickness
L thickness of half the plate
Mi,t mass uptake or loss in elementi at

time t
M
t (`) equilibrium solute mass uptake per

original sample cross- sectional area
n number ofx-coordinates
P hydrostatic pressure
R the gas constant
r1 solute density
r2 polymer density
j solute-induced mechanical stress
sp constant describing three dimensional

swelling
T temperature
t time
tmco stress relaxation time at zero solute

concentration
tol absolute tolerance for the Runga–

Kutta integration
tol1 relative tolerance for the Runga–

Kutta integration
t sco surface concentration relaxation time

at zero solute concentration
u thickness of solute-free sample
Vi,t volume of elementi at timet
w1,2 mass fractions of solute (1) and

polymer (2) respectively
x space coordinate
y partition coefficient
D(2L)nd normalized thickness decrease
D(2L)ni normalized thickness increase
DAnd normalized cross-sectional decrease
DAni normalized cross-sectional increase
Dmnd normalized mass decrease
Dmni normalized mass increase
DVnd normalized volume decrease
DVni normalized volume increase

2. Introduction

A sorption–desorption experiment is an easy way of
obtaining transport kinetics data for gases, vapours and liquids
in polymers [1]. The number of parameters that can be deter-
mined from the sorption–desorption technique is greater than
from the permeability techniques available, and for liquid
solutes the sorption–desorption technique is outstanding [2].

In many polymer–solute systems, the calculation of
transport properties from sorption–desorption experiments
is, however, difficult due to interactions between the matrix
and the penetrating molecules. Despite the complexity, sim-
plified calculations of the diffusion coefficient (D) are per-
formed which in the worst cases can lead to deviations from
the ‘true’ value ofD by several orders of magnitude. It is
thus very important that the calculation ofD from sorption–
desorption experiments includes all the factors that affect
the sorption–desorption behaviour. Crank [3], Comyn [4],
Crank and Park [5] and Neogi [6] present reviews of the
different anomalous phenomena that may occur during
sorption and desorption.

The most frequently occurring ‘anomaly’ connected with
sorption is probably the sigmoidal- (s-) shape of the sorption
curve which is observed when the amount of solute
absorbed is plotted as a function of the square root of
time. It occurs in systems where the solute is absorbed in
high concentrations in the polymer, regardless of whether
the polymer is glassy, rubbery, amorphous or semicrystal-
line, and regardless of whether a phase transition accompa-
nies the solute uptake [7]–[13]. Suggestions regarding the
origin of the s-shape include stress-effects [7], [9], [11],
[13]–[15] simple swelling [10], [16], coupled diffusion
and thermal effects [17], a surface layer with different prop-
erties than those of the interior [18] and solvent-induced
plasticization of the polymer [8].

The most widely used method of modelling s-shaped
sorption curves is to include a time-dependent surface
boundary concentration in the model [2], [13], [19]–[21].
This time-dependence is considered to be due to the fact
that, during the transient sorption period, the swollen sur-
face is subjected to compressive stresses caused by the
unswollen interior of the sample. This approach fits sorption
data well, but it may be a simplification because it only
indirectly considers the concentration–stress relationships
that exist in the sample during the transient swelling period.
It is therefore important to determine whether a more
detailed diffusion–stress model reveals any new aspects of
the sorption–desorption phenomenon.

In this paper, several parameters are examined and their
impact on the s-shaped sorption curve is analysed in detail
to elucidate what parameters primarily affect the s-shape
and what parameters should be included in a determination
of transport properties from sorption data for highly swollen
systems. These parameters include solute-concentration
dependence of the diffusivity, swelling, variable boundary
concentration and swelling-induced mechanical stresses.
The systems examined are a loosely crosslinked natural
rubber and a low-density polyethylene (LDPE), both
immersed in n-hexane.

3. Experimental

The samples studied were a low-density polyethylene
(LDPE, 1.5 mol% ethyl branches,Mw ¼ 127 000 g mol¹1,
(Mw)=(Mn) ¼ 7:5, mass crystallinitywc ¼ 0.54, r2 ¼

918 kg m¹3 (298.2 K)) and a crosslinked natural rubber
(NR, Mw ¼ 664 000 g mol¹1, (Mw)=(Mn) ¼ 4:6, r1 ¼

920 kg m¹3 (298.2 K)). Mc ¼ 2500 g mol¹1 for the cross-
linked NR from n-hexane sorption equilibrium data. Mor-
phological data for the LDPE are presented in Ref. [22],
sample B2. The LDPE was melt-crystallized during cooling
at a rate of 15 K min¹1 from 443 K in a Schwabenthan
compression moulding machine (Polystat 400s).

The dimensions of the unswollen samples used in the
sorption–desorption experiments were: LDPE — thickness
¼ 1.938 mm, width¼ 100 mm, length¼ 100 mm; NR —
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2.715–3.46 mm3 32.6 mm3 32.6 mm. The samples were
immersed in liquid n-hexane [purity 99%, Merck, density;
r1 ¼ 656 kg m¹3 (298.2 K)] at 298.2 K and intermittently
weighed until sorption equilibrium was attained. Prior to
each weighing, the samples were surface dried. Three
hours after sorption equilibrium was established, the sur-
face-dried samples were exposed to air at 298.2 K and the
desorption was monitored by intermittent weighing of the
samples on a Mettler AE balance after different times. The
loss of polymer material into the n-hexane liquid during
sorption was low [, 2 wt% (NR) and, 0.6 wt% (LDPE)].

The computer calculations were performed on a SUN
Sparc Ultra 2 (23 200 MHz) workstation with codes writ-
ten in Fortran F77.

4. Model scheme

4.1. Concentration dependence

Fick’s second law of diffusion, which can be expressed as

]C1

]t
¼

]

]x
D(C1)

]C1

]x

� �
(1)

was solved for a plate geometry (Fig. 1) whereC1 is the
penetrant concentration (g cm¹3), x is the thickness coordi-
nate andt is time. Only half of the plate thickness was
considered, and the inner boundary coordinate was
described as an isolated point:

]C1

]x

� �
x¼ L

¼ 0 (2)

and the outer boundary was kept constant in time during the
sorption (C1 ¼ Ceq

1 ). During desorption, evaporation takes
place at the surface:

D(C1)
]C1

]x

� �
x¼ 0

¼ FoC1 (3)

where Fo is the evaporation constant determined to be
between 53 10¹6 and 53 10¹5 cm s¹1 for both materials

using a procedure of Bakhouya et al. [23]. In the following
treatment, the index 1 is left out for simplicity. Two differ-
ent kinds of equations were used to describe the concentra-
tion-dependent diffusivity [D(C)]:

D(C) ¼ Dcoee
aDeC (4)

D(C) ¼ Dcol(1þ aDlC) (5)

whereDcoe andDcol are zero concentration diffusivities and
aDe andaDl are constants depending on the type of polymer
and solute.

Eq. (1), implementing Eq. (4), is discretized according to:

]C
]t

¼ f (t,C)

¼
Dcoe

Dx2
i

(eaDeCi þ 0:5(Ci þ 1 ¹ Ci) ¹ eaDeCi ¹ 0:5(Ci ¹ Ci ¹ 1)) ð6Þ

where

Ci60:5 ¼
Ci þ Ci61

2
(7)

Eq. (2) is best discretized using

Cnþ 1 ¼ Cn¹ 1 (8)

(i ¼ n at centre of plate), and the surface boundary condition
[Eq. (3)] may be written explicitly, including Eq. (4), as (i ¼

0 at the boundary):

C0 ¼
C1

1þ
DxiFo

DcoeeaDeC1

(9)

The concentration profiles were generated using the follow-
ing implicit multistep method (j is time coordinate):

=3Cj þ 1 ¼
6
11

Dtj

 
f (tj þ 1, =3Cj þ 1 þ =2Cj þ =Cj þ Cj)

¹
1

Dtj

3
2

=2Cj þ =Cj

� �!
ð10Þ

The details of the method is described by Hedenqvist et al.
[24]. The implicit method integrates with respect to time
using arcs with three constant time steps, but with a variable
step size between them. The first arc is produced by a three-
stage second-order Runge–Kutta method [25]:

k1 ¼ f (tj , Cj) (11)

k2 ¼ f (tj þDtj ,Cj þ Dtjk1) (12)

k3 ¼ f (tj þ 0:5Dtj ,Cj þ 0:25Dtj [k1 þ k2]) (13)

If the error:

err¼ Dtj
k1 ¹ 2k3 þ k2

3
(14)

is less than the tolerance:

tol ¼ tol1·max(Cj ,1) (15)

where tol1 is the relative tolerance kept at 0.001, theFig. 1. Migration into and out of a plate using plate symmetry conditions.
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solution is updated:

tj þ 1 ¼ tj þ Dtj (16)

Cj þ 1 ¼ Cj þ Dtj
k1 þ 4k3 þ k2

6
(17)

Otherwise, a smaller step size is selected and the scheme
(Eqs. (11)–(15)) is computed again. The new step size is
determined according to:

Dtj þ 1 ¼ min Dtmax, 0:9Dt
tol
err

� � 1
3

0B@
1CA (18)

whereDtmax is the maximum step size allowed. The concen-
tration profiles were integrated using Simpson’s method
with the Romberg routine to obtain higher accuracy.

4.2. Stress phenomena and change in plate dimension

The stress build-up in the plate during extensive swelling
may lead to a time-dependent surface concentration [19],
[21]. The concentration is therefore described by:

ts
]C
]t

� �
x¼ 0

þ (C¹ C`)x¼ 0 ¼ 0 (19)

whereC` is the final concentration calculated as:

C` ¼
w1r2

1þ
w1r2

r1

(20)

and ts is the surface concentration relaxation time which
shows a solute concentration dependence throughats

:

ts ¼ tscoe
¹atsC (21)

and w1 is the n-hexane equilibrium mass concentration:
1.3302 kg (kg NR)¹1 and 0.1103 kg (kg LDPE)¹1, both at
298.2 K. The initial boundary concentration isC0. During
desorption, the surface concentration may be described by
Eq. (9).

In a more detailed treatment, the stress effects have to be
considered throughout the thickness of the plate coupled
with the changes in sample dimensions following swelling.
The bases of the following derivations originate from
Bakhouya et al. [23] and Wu and Peppas [26]. The mass
increase rate or mass loss rate in a swelling element (Fig. 2)
is given by:

]M
]t

¼ ¹ AD
]C
]x

(22)

whereA is the cross-sectional area. This equation may also
be expressed as:

]M
]t

¼ ¹ AD
]C
]m1

]m1

]x
(23)

The chemical potential (m1) is related to the penetrant

activity (a1) and the swelling pressure (P) through:

m1 ¼ mo
1 þ RTln(a1) þ V1P (24)

wheremo
1 is the chemical potential at the penetrant activity

equal to unity andV1 is the molar volume of the penetrant
which is V1 ¼ 131.1 cm3 mol¹1). The chemical potential
gradient may be divided into two different terms:

]m1

]x
¼

]m1

]a1

]a1

]C
]C
]x

þ
]m1

]P
]P
]x

(25)

Neglecting inertial terms and shear stresses [27], [28] and
considering only thex-direction yields:

]P
]x

¼
]jxx

]x
(26)

where jxx is the x-dimensional normal stress defined as
positive for a compressive stress. Combination of Eqs.
(23)–(26) leads to:

]M
]t

¼ ¹ AD
]C
]x

þ
V1C
RT

]jxx

]x

� �
(27)

The mass uptake rate or mass loss rate in element ‘i’ may
therefore, for simplicity, be expressed as the sum of a ‘con-
centration’-term and a ‘stress’-term:

]Mi, t

]t
¼

]Mc
i, t

]t
þ

]Mj
i, t

]t
(28)

which may be further written (Fig. 2) as:

]Mc
i, t

]t
¼ AD

]C
]x

� �
i þ 0:5

¹ AD
]C
]x

� �
i ¹ 0:5

¹ Du
]A
]u

D
]C
]x

� �
i

(29)

Fig. 2. Schematic representation of the swelling element with definitions of
parameters.
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and

]Mj
i, t

]t
¼ AD

V1C
RT

]jxx

]x

� �
i þ 0:5

¹ AD
V1C
RT

]jxx

]x

� �
i ¹ 0:5

¹ Du
]A
]u

D
V1C
RT

]jxx

]x

� �
i

ð30Þ

Ci, t ¼
Mi, t

Duþ
Mi, t

r1

� � (31)

whereDu is the dry sample thickness andMi,t, Mc
i, t, Mj

i, t are
the mass contents per dry unit area of each elementi. Eqs.
(29) and (30) may be discretized according to Eqs. (32) and
(33), assuming that the change in dimensions at each point is
described by the constantsp [sp¼ (1/3) when the change is
equal in all directions andsp¼ 1 when swelling occurs only
in the x-direction) and that the swelling or shrinkage is
linear with respect to the coordinatex.

]Mc
i, t

]t
¼ 1¹

Ci þ 0:5

r1

� �sp¹ 1

Di þ 0:5
Ci þ 1 ¹ Ci

xi þ 1 ¹ xi

� �
¹ 1¹

Ci ¹ 0:5

r1

� �sp¹ 1

Di ¹ 0:5
Ci ¹ Ci ¹ 1

xi ¹ xi ¹ 1

� �
þ 1¹

Ci ¹ 0:5

r1

� �sp¹ 1

¹ 1¹
Ci þ 0:5

r1

� �sp¹ 1� ��

3 Di
Ci þ 1 ¹ Ci ¹ 1

xi þ 1 ¹ xi ¹ 1

#
ð32Þ

and

]Mj
i, t

]t
¼

V1

RT
1¹

Ci þ 0:5

r1

� �sp¹ 1

Di þ 0:5Ci þ 0:5
jxx, i þ 1 ¹ jxx, i

xi þ 1 ¹ xi

� �
(33)

¹
V1

RT
1¹

Ci ¹ 0:5

r1

� �sp¹ 1

Di ¹ 0:5Ci ¹ 0:5
jxx, i ¹ jxx, i ¹ 1

xi ¹ xi ¹ 1

� �

þ
V1

RT
1¹

Ci ¹ 0:5

r1

� �sp¹ 1

¹ 1¹
Ci þ 0:5

r1

� �sp¹ 1� ��
3 DiCi

jxx, i þ 1 ¹ jxx, i ¹ 1

xi þ 1 ¹ xi ¹ 1
ÿ

where

Ci60:5 ¼
Ci 6 Ci61

2
(34)

and D ¼ D(C) is given by Eq. (4). Thex-coordinates are
calculated from

xi ¼Du 0:5 1¹
C0

r1

� �¹ sp

þ
∑i ¹ 1

i ¼ 1
1¹

Ci

r1

� �¹ sp
"

þ 0:5 1¹
Ci ¹ 0:25

r1

� �¹ sp
#

ð35Þ

where

Ci ¹ 0:25 ¼ 0:25Ci ¹ 1 þ 0:75Ci (36)

The stress–strain properties are described for simplicity by
the Maxwell element:

]jxx

]t
¼ K

]«xx

]t
¹

1
tm

(jxx ¹ js
xx) (37)

The relaxation time (tm) and the bulk modulus (K) depend
on the solute concentration according to:

tm ¼ tmcoe
¹ atmC (38)

K ¼ Kcoe
¹ aKC (39)

where tmco and Kco are the zero concentration relaxation
time and zero concentration bulk modulus.atm

andaK are
constants. Eq. (37) may be descritized according to:

jxx, j þ 1 ¼ jxx, j þ K(«xx, j þ 1 ¹ «xx, j) ¹
Dt
tm

(jxx, j ¹ js
xx, j) (40)

or alternatively

jxx, j þ 1 ¼ 1þ
Dt
tm

� �¹ 1

jxx, j þ K(«xx, j þ 1 ¹ «xx, j) þ
Dt
tm

js
xx, j

� �
(41)

Assuming volume additivity, the strain in thex-direction is
given by:

«xx ¼ 1¹
C
r1

� �¹ sp

¹ 1 (42)

The total mass uptake or mass loss (Mt) per unit dry area is
calculated as:

Mt ¼ 0:5C0, tV0, t þ
∑N ¹ 1

i ¼ 1
Ci, tVi, t þ 0:5CN, tVN, t (43)

where the volume of elementi is:

Vi, t ¼
Du

1¹
Ci, t

r1

� � (44)

The total mass uptake or mass loss (Mt) is obtained as a
function of time by integrating Eq. (28) using the previously
described Runge–Kutta method. After the initial values of
Ci ;Vi ; xi ; «i ; jxx;i are calculated the integration is performed
in the following order:Mi [Eq. (28)]→ Ci → Vi → xi → « i

→ j i → Mt.
Eq. (43) yields the same result whetherN is 60 or 40 and a

value of 40 was, therefore, used to increase the integration
speed. At the boundary elements (x ¼ 0 andx ¼ xN):

]Mt

]t
¼ 0 (45)

and the concentration is calculated explicitly using Eq. (19).
xN is calculated usingCN¹0.25 ¼ CN in Eq. (35).
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4.3. Layer structure

In order to simulate penetrant transport in a 2-layer
material (Fig. 3), Eq. (1) is solved using the multivalue
method described earlier; only half the plate thickness is
considered. In order to maintain mass balance between
layers a and b, the following relationship describes the
boundary condition:

Da(Ca)
]Ca

]xa
¼ Db(Cb)

]Cb

]xb
(46)

A discretized approximation to Eq. (46) (i ¼ k at the bound-
ary point,i ¼ space coordinate) is:

Da(Ca,k¹ 0:5)
Ca, k ¹ Ca,k¹ 1

xk ¹ xk¹ 1
¼ Db(Cb, kþ 0:5)

Cb, kþ 1 ¹ Cb,k

xkþ 1 ¹ xk

(47)

The partition coefficient (y) is defined as:

y¼
C`

b

C`
a

(48)

whereC`
a andC`

b are the saturation concentrations of solute
in layers a and b respectively. Eqs. (47) and (48) are com-
bined to yield the boundary concentration:

Ca,k ¼

Ca, k¹ 1 þ
Db(yCa,kþ 0:5)
Da(Ca, k¹ 0:5)

yCa,kþ 1

1þ
Db(yCa,kþ 0:5)
Da(Ca, k¹ 0:5)

y

(49)

where

Ca,k60:5 ; C(j)
a, k60:5 ¼

C(j ¹ 1)
a,k þ C(j)

a, k61

2
(50)

The outer boundary concentration was held atC¼ C`
a

during sorption andC ¼ 0 during desorption, and the
inner boundary was described by Eq. (2).

5. Results and discussion

Since sorption and desorption curves intersect in Fig. 4, it
is clear that the n-hexane diffusivities in both NR and LDPE
are functions of solute concentration. In Fig. 5, Eqs. (4) and
(5) are fitted to desorption-data in NR. Both the dry and the
swollen sample thicknesses were used in the calculations.
The choice of sample thickness affects only the zero-con-
centration diffusivity and does not alter the desorption curve
shape. Both equations fit the desorption data well and it was
also found that the desorption concentration profiles are
essentially identical. The desorption concentration profiles
using Eq. (5) are shown in Fig. 6. Eqs. (4) and (5) are
frequently used to describe concentration-dependent diffu-
sivities and it is difficult to select the most appropriate of
these equations on the basis of curve fitting to the experi-
mental data. A reason to prefer Eq. (4) over Eq. (5) is that
the former is a semi-empirical relationship originating from
concentration-viscosity behaviour[29].

To see whether the s-shaped sorption curve can be
described by a high concentration dependence alone, the

Fig. 3. Schematic diagram of the three-layer plate.

Fig. 4. n-Hexane sorption (X, NR; B, LDPE) and desorption (W, NR; A,
LDPE) curves.

Fig. 5. Best fit to experimental (•) n-hexane desorption data in NR using
exponential [Eq. (4), continuous line] and linear [Eq. (5), broken line]
concentration dependence;Dcoe ¼ 2.9 3 10¹7–5.5 3 10¹7 cm2 s¹1, aDe

¼ 4.7 cm3 g¹1 and Dcol ¼ 2.25 3 10¹7–4.5.10¹7 cm2 s¹1, aDl ¼

12.6 cm3 g¹1. Low and high zero-concentration diffusivities corresponds
to dry and swollen plate thicknesses, respectively.
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sorption data of n-hexane-NR were modelled using Eqs. (4)
and (5) with very high concentration dependence allowing
the diffusivity to vary over several magnitudes (Fig. 7). The
numerical multistep formula [Eq. (10)] allows for calcula-
tions with very high concentration dependence. As can be
seen in Fig. 7, concentration-dependent diffusivity alone
does not lead to an s-shaped sorption curve. The concentra-
tion profiles associated with a very high concentration-
dependent diffusivity become nearly as steep as in case II
diffusion (Fig. 8). Case II diffusion is, however, character-
ized by a mass increase which is proportional to time and
not to the square root of time as in this case. Eqs. (4) and (5)
yield similar concentration profiles.

When a large amount of a solute enters the polymer
matrix, swelling occurs. So far, in the previous treatment,
dimensional changes have been neglected except that com-
pletely swollen and unswollen sample thicknesses have
been used in the diffusion equations. It is expected that,
for non-polar systems like n-hexane–NR and n-hexane–
LDPE, the volumes of the solute and of the polymer are
additive [22]. For the n-hexane–NR system, the saturation

n-hexane volume fraction is 0.64 and the calculated volume
fraction based on the sample volume increase is 0.65, and
for n-hexane–LDPE the corresponding values are 0.13 and
0.11, respectively, which shows that the volumes are almost
additive in both systems. Swelling should therefore be pro-
portional to mass uptake, i.e. the sample volume increase
with respect to time should have the same curve profile as
the mass increase. Figs 9 and 10 show the sample mass and
the sample dimensions as a function of the square root of
time for NR and LDPE. Evidently the mass and volume
increase curves overlap for both NR and LDPE. The
increase in cross-sectional area, thickness, mass and volume
all follow an s-shape with respect to the square root of time.
With regard to the data here reported and also to the data of
Mazich et al. [10], it is suggested that the s-shaped sorption
(mass increase) in highly swelling systems is due to the fact
that, in the initial period, the swelling is mostly one-dimen-
sional (stage I, Fig. 11) because the unswollen core sup-
presses swelling perpendicular to the main mass flux
direction. At later stages, when the core is plasticized by
the solute molecules, the sample may swell in all three
dimensions. It is evident that the thickness of the LDPE
specimen increased more rapidly in the initial stage than
the cross-section of the specimen, i.e. the average

Fig. 6. Concentration profiles generated using Eq. (5) with the parameter
values given in Fig. 5.

Fig. 7. Eq. (4) [upper line] and Eq. (5) [lower line] applied to sorption data
for NR (•). The curves illustrate the effect of using a high concentration-
dependence applying the following parameter values:Dcoe ¼

2.10¹10 cm2 s¹1, aDe ¼ 23.5 cm3 g¹1 andDcol ¼ 8.10¹19 cm2 s¹1,
aDl ¼ 3.1012 cm3 g¹1. A dry plate thickness value was used.

Fig. 8. Concentration profiles obtained from Eq. (5) using the values given
in Fig. 7.

Fig. 9. Normalized mass (X), volume (A), thickness (W) and cross-sectional
area (B) increase as a function of time during sorption of n-hexane in NR.
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normalized thickness-to-cross-sectional area ratio taken
over the whole sorption period was high (tca ¼ 2.45). For
NR the s-shape is less pronounced, and the swelling aniso-
tropy is negligible (tca¼ 1.02). This may be explained by the
fact that the bulk modulus, and consequently the ability of the
core to withstand the tension exerted by the swollen surface, is
less for NR than for LDPE (K ¼ 2.0 GPa (NR) andK ¼

3.4 GPa (LDPE) [30], [31]). Interestingly, the bulk modulus
ratio between LDPE and NR (¼ 1.7) is of the same order of
magnitude as thetca ratio (¼ 2.4). Thus, by determiningtca
during the transient sorption period, it may be possible to
estimate the bulk modulus of the sample iftca is calibrated
using a sample of known bulk modulus. The correlation
betweentca andK obtained here suggests that it is the bulk
modulus and not the elastic modulus, as has been suggested by
several researchers [20], [21], [26], that determines the ability
of a polymer to withstand solute-induced swelling.

Figs 12 and 13 show the sample mass loss and
dimensional decrease as a function of desorption time.
The curves obtained for NR and LDPE have similar shapes.

The cross-sectional area decreased more rapidly than the
specimen thickness in both systems. This may be explained
by the homogeneous solute concentration distribution dur-
ing desorption compared to the steep gradients prevailing
during sorption. The continuous feed of solute to the surface
region from the interior parts leads to a slow decrease in
sample thickness. The fact thattca is similar for both LDPE
and NR and that the concentration profiles are smooth sug-
gests that mechanical stresses play only a minor role during
the transient desorption period.

Using Eqs. (22)–(44) without the stress-terms, the effect
of swelling on the sorption curve shape may be analysed. In
Fig. 14, the sorption curve for NR is modelled using swel-
ling terms with and without concentration-dependent diffu-
sivities. The swelling itself does not create a significantly s-
shaped sorption curve, but, in combination with a large
concentration dependence ofD, a pronounced s-shape
arises. The fitted sorption curve does not resemble the
experimental data. Fig. 15 shows the concentration profile
using a high concentration dependence and a variable
geometry. By modelling, it is further concluded that swel-
ling alone cannot predict the desorption curves unlessD is
concentration-dependent.

Fig. 10. Normalized mass (X), volume (A), thickness (W) and cross-sec-
tional area (B) increase as a function of time during sorption of n-hexane in
LDPE.

Fig. 11. Model for geometrical changes of specimen during sorption of n-
hexane in LDPE. Stage I involves swelling is mainly uni-dimensional swel-
ling whereas at stage II the swelling is three-dimensional.

Fig. 12. Normalized mass (X), volume (A), thickness (W) and cross-sec-
tional area (B) decrease as a function of time for desorption of n-hexane

Fig. 13. Normalized mass (X), volume (A), thickness (W) and cross-sec-
tional area (B) decrease as a function of time for desorption of n-hexane
from LDPE.
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So far, solute-induced mechanical stresses have been
considered only qualitatively, but in the following treatment
they are included in the calculations. The simplest way to
incorporate stress effects is to assume that the surface con-
centration is time-dependent [Eq. (19)]. Long and Richman
[19] reported a time-dependent surface concentration of
methyl iodide in cellulose acetate during the transient
sorption period. The resulting s-shaped sorption is then
primarily determined by the single relaxation time (ts)
and the initial surface solute concentrationCo. As can be
seen in Fig. 16, usingts ¼ 3 h andCo ¼ 0.49 (of 1), the fit to
the experimental sorption data for NR is perfect. The con-
centration profiles that generate Fig. 16 are shown in Fig.
17. The corresponding optimum values for LDPE are 104 h
and Co ¼ 0.7. For a comparison, the system methanol–
glassy poly(ethersulphone) is also perfectly fitted using
this simple model, although with a longer relaxation time
[ts ¼ 278 h andCo ¼ 0.7 (of 1) [13]]. These values were

obtained using the multi-step method [Eq. (10)] and it should
be mentioned that the calculatedts-values using the Runge–
Kutta method were much lower [0.2 h (NR) and 5.6 h
(LDPE)]. Co for NR was calculated to be 0.6 using the
Runge–Kutta method. The reason for this discrepancy in
relaxation time is not clear. Stress relaxation data on LDPE
reported by Becker [32], [33] suggest a stress relaxation time
between 6.8 and 20 h, independent of strain level. Nisizawa
[34] measured stress decay times of 24–160 h for LDPE
immersed in a benzene series of hydrocarbons.

It has been shown theoretically that s-shaped sorption
curves may appear in samples with a surface skin with
properties different from those of the core [18]. If, for exam-
ple, the polymer material is surface oxidized, the surface
region may have a lower diffusivity than the core. As can
be seen in Fig. 16, such a model (Eqs. (46)–(50), layered
model) also matches the experimental sorption data per-
fectly. However, as can be seen in Fig. 18, the layered
model cannot fit the desorption data and it has, therefore,
not been further considered.

Fig. 14. Eq. (4) including the swelling treatment [Eqs. (22)–(45)] but with-
out stress-terms, applied to data obtained for sorption of n-hexane in NR (•).
To simulate a high concentration-dependence, the following values were
chosen:Dcoe ¼ 1.3 3 10¹8 cm2 s¹1, aDe ¼ 15 cm3 g¹1 [thicker curve]. A
constantD was introduced usingDcoe ¼ 3.10¹6 cm2 s¹1 and aDe ¼

0 cm3 g¹1 [thinner curve].

Fig. 15. Concentration profiles generated using Eq. (4) withDcoe ¼ 1.3 3

10¹8 cm2 s¹1 andaDe ¼ 15 cm3 g¹1 and including the swelling treatment in
Fig. 14.

Fig. 16. N-hexane-NR experimental sorption data (•) fitted with Eqs. (4),
(6)–(10) and (19); time-dependent boundary concentration, thin line) and
with Eqs. (6)–(10) and Eqs. (46)–(50) [layered structure, thick line]. The
parameter values obtained by fitting were:Dcoe¼ 8.53 10¹7 cm2 s¹1, aDe

¼ 3.1 cm3 g¹1 [using dry thickness] andDcoe¼ 1.73 10¹6 cm2 s¹1, aDe ¼

3.1 cm3 g¹1 [swollen thickness];t ¼ 11236 s andCo ¼ 0.49;y ¼ 1, Da ¼

3.2 3 10¹7 cm2 s¹1 andDb ¼ 5 3 10¹6 cm2 s¹1 [dry thickness].

Fig. 17. Concentration profiles generated using Eqs. (4), (6)–(10) and (19)
with the parameters used in Fig. 16 (sorption).
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An additional, more detailed, stress approach is to use
Eqs. (22)–(44). This approach was applied to the sorption
data for NR. The parametersDcoe, K, tm, aDe, aK, andatm

were all varied independently in an attempt to obtain an s-
shaped sorption curve. In the Maxwell equation,js

xx is con-
sidered to be zero in all cases for both NR and LDPE. It was
shown that, without the use of a concentration-dependent
surface concentration, no s-shaped sorption curve was ever
obtained. Hence, regardless of what the stress-distribution
looks like in the interior of the sample, it is the time-depen-
dent solute concentration at the boundary surface which
gives rise to the s-shape. Therefore, in the subsequent treat-
ment, a time-dependent surface concentration was always
used. The starting point in the next step in fitting the sorp-
tion curves for NR was to use the data obtained earlier (ts ¼

0.2 h andCo ¼ 0.6) and to assume swelling according to Eq.
(35). This results in a decrease inDo from 13 10¹6 to 6.73
10¹7 cm2 s¹1. In the next step,K was introduced without
any concentration- or time-dependence. This moved the
whole sorption curve to shorter times with only a negligible
change in its shape. The effect of introducingK is basically
to squeeze solute into the interior of the sample. WhenK
was introduced,Dcoe decreased from 6.73 10¹7 to 4.8 3
10¹8 cm2 s¹1 and aDe changed from 4.5 to 1.0 cm3 g¹1.
Hence, by introducing a variable sample geometry and a
constant bulk modulus, the calculated diffusivity was chan-
ged by almost two orders of magnitude. In the next fitting
step, stress relaxation was introduced; i.e.tm increased from
zero to the value ofts (0.2 h). This changed the curve shape
dramatically and far from the experimental data. No further
improvement was achieved by introducing a solute-concen-
tration-dependence (aK ¼ atm ¼ aDe ¼ 1.0 cm3 g¹1). Thus
it was assumed in the subsequent calculations that the para-
metersaK andatm

were equal to zero. By lettingtm be small
( < 0.1 h) (instantaneous stress relaxation) the original

curve, i.e. withK ¼ 0, was obtained. No further modelling
using other values fortm, aK andatm

was performed, since
it is believed that no further improvement could be achieved
by varying these parameters. It should be mentioned that
the surface concentration is considered in the present study
not to be solute-concentration-dependent (ats

¼ 0 m3 kg¹1)
since the fitting is sufficiently good with a constantts. Fig.
19 shows an example of stress distributions in a specimen.
The modelling of sorption in NR given in Table 1 suffices to
describe both the the mass increase and the dimensional
(thickness) increase during sorption (Fig. 20). Table 1 pre-
sents the parameters used to fit the sorption data of LDPE.
As can be seen in Fig. 21, the model fails to predict the
thickness increase of LDPE unless the swelling parameter
(sp) is increased from 1/3 to 1/1.7 during stage I. This sug-
gests a higher anisotropy of swelling during the transient
sorption period in LDPE than in NR.

Even though systems exhibiting Case-II diffusion may
show s-shaped sorption curves, there is a clear difference
between these and the systems reported here. For systems
showing Case-II diffusion the sorption curves of samples
having different thicknesses do not collapse into one single

Fig. 18. Experimental desorption data for NR data (•) fitted with Eqs. (3),
(4), (6)–(10) [thin line] and with Eqs. (3), (6)–(10) and Eqs. (46)–(50)
[thick line]. The parameter values obtained by fitting were:Dcoe ¼ 2.9 3

10¹7 cm2 s¹1, aDe ¼ 4.7 cm3 g¹1 [using dry thickness] andDcoe ¼ 5.5 3

10¹7 cm2 s¹1, aDe ¼ 4.7 cm3 g¹1 [swollen thickness] andFo ¼ 3 3

10¹5 cm s¹1; y ¼ 1, Da ¼ 3.2 3 10¹7 cm2 s¹1 andDb ¼ 5 3 10¹6 cm2

s¹1 [dry thickness].

Fig. 19. Solute-induced mechanical stress profiles as a function of time for
the sorption of n-hexane in LDPE using Eqs. (4), (22)–(45) with parameters
the same as those in Table 1, except thatKco ¼ 3.4 GPa andtmco ¼ 5.6 h.

Fig. 20. Experimental sorption data for NR (X) and thickness increase (W)
— fitted with Eqs. (4), (22)–(45) using the parameter values given in Table
1. The continuous lines are best fits.
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curve when the normalized mass is plotted as a function of
time normalized with sample thickness[6]. Data presented
here ‘collapse’ into a single curve and hence the thickness
does not seem to be a parameter affecting the diffusivity and
relaxation properties of the present systems (Fig. 22).

Fig. 23 presents the fit of desorption data of NR using a
variable geometry. The use of a variable geometry in the
modelling increased the diffusivity from 2.73
10¹7 cm2 s¹1 (using a constant swollen thickness) to 4.05
3 10¹7 cm2 s¹1 whereas the curve shape was essentially
unchanged (aDe changed from 8.5 to 8.05 m3 kg¹1. These
values are similar to the data obtained by fitting the deso-
rption data of NR using the multi-step formula given by Eq.
(10), (Fig. 5). The use ofsp¼ 1/3 over the whole desorption
period seems also to predict the thickness variation,
although a small deviation was noticed which suggests
that a small anisotropy in shrinking occurred during the
initial stage of desorption. For LDPE, however, the model
was unable to fit the thickness decrease (Fig. 24). This is
probably because, in the initial stage,sp is larger than 1/3

whereas at later stages the sample shrinks isotropically (sp
¼ 1/3). This may be observed by looking at the rate of
thickness decrease which shows an s-shape in the early
stage and a curve shape similar to that of the mass decrease
at longer times. As in the case of sorption, the introduction
of K, tm, aK andatm

in the modelling of the desorption data
provided no contribution to the fitting of the mass and thick-
ness decrease and these parameters were, therefore, omitted.

When sorption and desorption data are compared, time
effects, e.g. non-reversible material changes occurring due to
the course of time, may become important. These effects are
more prominent in LDPE than in NR; (cf.Dcoe-values
obtained from sorption and desorption data in Table 1). For
NR these values are similar, but for LDPE the values obtained
from desorption data are larger than for those obtained from
sorption data. Hedenqvist et al. [2] suggested that the pene-
trant caused a loosening of constrained tie chains.

Finally, knowing what parameters primarily affect the
sorption–desorption curves (Table 1), a general description
of the curves for highly swollen polymers aboveTg is given
in Fig. 25. The general placement of the sorption curve on
thet0.5-scale is determined mainly by theDcoe, aDe, Co andts

Table 1
Parameters used for fitting NR and LDPE sorption–desorption data

Parameter NR NR LPDE LDPE
Sorption Desorption Sorption Desorption

Dcoe (cm2 s¹1) 6.7 3 10¹7 4.053 10¹7 2.5 3 10¹9 1.4 3 10¹8

aDe (cm3 g¹1) 4.5 8.05 70 52
tmco (h) — — — —
atm (cm3 g¹1) — — — —
Kco (MPa) — — — —
aK (cm3 g¹1) — — — —
Co 0.6 — 0.7 —
t sco (h) 0.2 — 5.6 —
ats (cm3 g¹1) — — — —
sp 0.33 0.33 0.59–0.33a . 0.33
M t (`) (kg m¹2) 3.74 3.74 0.19–0.197 0.19–0.197

ainitially 0.59 and at later stages 0.33

Fig. 21. Experimental sorption data for LDPE (X) and thickness increase
(W) — fitted with Eqs. (4), (22)–(45) using the parameter values given in
Table 1. The fitted curve for the thickness increase usingsp¼ 0.33 over the
entire sorption period coincides precisely with the fitted curve for the mass
increase. The continuous thin line fitted to the thickness increase data is
obtained by usingsp¼ 0.59 initially (stage I) andsp¼ 0.33 at later times
(stage II).

Fig. 22. Experimental sorption data for NR using samples of different
thicknesses — (X) 2L ¼ 2.715 cm; (W) 2L ¼ 3.26 cm — fitted with
Eqs. (4), (22)–(45) using the parameter values given in Table 1. The con-
tinuous lines are best fits.
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values, whereas the curve-shape (s-shape) at the initial stages
of sorption is determined only byCo andts. If the concentra-
tion-dependence is high (aDe is high) the sorption fronts
become steep and therefore, when they meet in the final stages
of sorption, there will be an abrupt change in the sorption
curve. The curvature at the end of sorption is determined by
aDe and, if the boundary concentration is time-dependent, the
time to complete saturation is determined byts. Desorption
involves less parameters and the overall position of the deso-
rption curve on thet0.5-scale is primarily given byDcoe and
aDe. If the desorption process is evaporation-controlled rather
than diffusion-controlled, the desorption curve will be s-
shaped. The curvature will then be determined by the evapora-
tion constantFo. Except for the s-shape, which is often absent,
the curve-shape will be determined only byaDe.

6. Conclusions

The direct use of mechanical stresses and mechanical
relaxation parameters in the present modelling gave little

or no improvement of the fit to experimental sorption and
desorption data. The indirect use of stresses via a time-
dependent surface concentration was successful in fitting
the s-shaped sorption curves obtained for both natural rub-
ber and low-density polyethylene. This method could also
describe the thickness variations in samples of natural rub-
ber during both the transient sorption and desorption peri-
ods. For low-density polyethylene, on the other hand, a
model consisting of two different stages had to be adopted.
In stage I, the swelling was mainly uni-dimensional along
the thickness direction. Stage II, occurring at later times,
was characterized by fully three-dimensional swelling. Dur-
ing the transient sorption period, the ratio of the thickness-
to-cross-sectional-area ratio between natural rubber and
low-density polyethylene was of the same order of magni-
tude as their bulk modulus ratio, which suggests that it is the
bulk modulus rather than the Young’s modulus which deter-
mines the sorption characteristics of polymers above the
glass transition temperature.
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