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Abstract

An in-situ FTIR–ATR method for simultaneously obtaining both kinetic and structural information during liquid sorption into polymers
was presented. The kinetics and diffusion profile of the sorption of liquid water and liquid methanol into poly(ethylene terephthalate) (PET)
were compared and contrasted. The diffusion of water into PET was shown to follow Fickian kinetics, without significant swelling and the
calculated diffusion coefficients (D) varied between 8:57 and 0:52× 1029 cm2 s21 for a crystallinity range of 4–25%. TheD values
decreased non-linearly with the increase in crystallinity. The average spherulitic crystal size was thought to play a significant role in
determining the rate of water sorption. Conversely, the sorption of liquid methanol was accompanied by significant swelling and crystal-
lisation and hence showed non-Fickian or anomalous kinetics. The sorption data were fitted to a dual sorption model which indicated that the
rate of diffusion of liquid methanol was faster than that of liquid water, probably due to the accompanying swelling. Increasing the level of
crystallinity was shown to decrease the capacity for the polymer to swell and reduced the calculated diffusion coefficients.q 1999 Elsevier
Science Ltd. All rights reserved.
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1. Introduction

The diffusion of small molecules through polymer
membranes is an important phenomenon in many different
areas of science and engineering. For example, the diffusiv-
ity in polymer films and membranes [1,2] is important in
connection with the use of polymers as barrier coatings (for
protection of an underlying substrate) in packaging applica-
tions [3] and for separation science applications [1,4].
Because of its widespread presence (both vapour and liquid)
in the ambient environment in which polymers are used,
water is probably the most important diffusant. In a passive
sense, water is important as an essential part of hydro-
lytically induced degradation processes. In the active
sense, the diffusion of water is clearly of critical importance
for saline separation membranes [1,4], or for the protection
of substrates and wrapped materials [5]. The diffusion of
organic molecules in polymers has implications even further
afield with such small molecules playing important roles in
the polymer industry as plasticisers, fillers and biocides, etc.
Further, organic solvents are also used to remove small
organic impurities of oligomers from poly(ethylene

terephthalate) (PET) films for use as high specification
substrates [6]. The transport properties of small molecules
in polymers [7–10] depend on a number of factors. These
include:

1. the chemical structure in terms of details of the chemical
repeat units (acid, amide, ester, etc.);

2. the polymer micro-organisation (molecular weight,
morphology, crystallinty, glass transition temperature
void distribution, etc.);

3. the chemical nature and levels of filler and other
additives;

4. the temperature.

These factors control the solubility, the degree of
swelling, the mode of mechanical relaxation, etc. and will
combine to influence the rate at which the small molecule
(for example water or an alcohol) is sorbed and transported
under any given combination of chemical content and
ambient conditions.

It is, of course, possible in principle [10,11] to use diffu-
sion data of a small molecule in a polymeric matrix to
distinguish different molecular microstructures using differ-
ent models. It is expected, for example, that for polymers in
their rubbery state (aboveTg) the diffusion might be Fickian,
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whereas for polymers in the glassy state, it is often shown
that a good fit of the data to the Case II diffusion model
[12,13] is achievable. Barbari et al. [10,11] have shown that
it is possible to model the barrier layer of ‘skin’, which
could lead to a delay time in the penetrant sorption.
However, the situation is often considerably more complex.
For example, Berends [14] has shown that the form of the
sorption kinetics varies depending on the content of the
particular penetrant. Thus, for example, for different organic
solutes in PVC the kinetics are Fickian at low concentra-
tions of penetrant, non-Fickian (maybe dual mode—see
below) at intermediate penetrant concentrations and Case
II when the concentration of penetrant is high. Further, at
high sorption levels, an increase in film thickness produces a
shift of the kinetics towards the Fickian model. This work
illustrates that the details of sorption kinetics vary dramati-
cally depending on the solute content and film thickness. For
other polymers, for example for polyelectrolyte membranes
important in saline separation applications, it has been
shown [15,16] that the diffusion coefficients depend on a
number of variables including the processing solvent, the
level of chemical substitution and the film thickness.
Clearly, polymer films show a diverse range of behaviour,
which at present can only be described from an empirical
point of view. Nevertheless, it is interesting to elucidate the
model and rate of kinetics for the diffusion of small
molecules in polymeric films such as PET, both from a
practical point of view and from the point of view of the
development of a fundamental database of polymer/
penetrant behaviours from which the understanding of
such processes can eventually be derived.

A considerable amount of work on the diffusion of liquid
water and water vapour into PET has been published.
Recent work includes the work of Langevin et al. [17],
who obtained a diffusion coefficient at 208C of 4:5 ×
1029 cm2 s21

; using a gravimetric technique (with a water
content at equilibrium estimated to be about 1% by weight).
Impedence spectroscopy has been used to calculate the
diffusion coefficient and equilibrium water content of PET
[18,19]. Diffusion coefficients calculated using this method
varied from 2: to 9:97× 1029 cm2 s21 for liquid water at
408C in good agreement with values obtained by the
(traditional) gravimetric method. Some thickness depen-
dence was noted. The water concentration at equilibrium
was found to be 0.54 and 0.95% by weight for samples of
75 and 205mm thickness, respectively. Rueda et al. [20,21]
used transmission spectroscopy as a function of crystallinity
to study the diffusion of water vapour into PET. The diffu-
sion coefficient calculated at 258C varied between
8:18 and 3:93× 1029 cm2 s21 over a crystallinity range
between 0 and 29%. The relationship of diffusion coefficient
with crystallinity showed a power law, with an exponent of
0.5. Distinct evidence was found during the water vapour
diffusion experiment of pseudo monomeric water with
symmetric and antisymmetric O–H stretching bands at
3630 and 3550 cm21. Again, the equilibrium contents of

water ranged between 0.6 (at 29% crystalline material)
and 1% (for amorphous material). The diffusion of water
vapour into PET has also been measured at 258C using the
time lag technique [22]. For Mylar A, a value ofD � 3:95×
1029 cm2 s21 was obtained. The use of in situ FTIR–ATR
techniques to study the diffusion of liquid water in PET and
PET coated with a thin (less than 100 nm) SiO2 layer was
explored by Schu¨hler et al. [23]. For films varying in thick-
ness between 12 and 25mm, values between
1:59 and 2:18× 1029 cm2 s21 were obtained. These agree
well with previously calculated values. Not surprisingly, the
application of a SiO2 layer drastically slowed down the
diffusion process, which was then found to be non-Fickian.

The diffusion of methanol into PET and its effects on the
polymer structure have been examined by a number of
workers, [24–29]. The situation is rather different for
organic solvents since, as indicated previously, sorption is
often accompanied by swelling, an increase in the effective
free volume and possible changes in the glass transition
temperature and the degree of crystallisation. Indeed,
Durning et al. [25,26] proposed a mathematical model for
this change of crystallisation of PET on methanol absorp-
tion. The kinetics of liquid induced crystallisation were
shown to be extremely rapid [24,27,28] and resulted in the
polymer becoming opaque to visible light due to the
creation of spherulitic structures, with sizes the same
order as that of the wavelength of the light [27–30]. Rela-
tively little work on the sorption of alcohols into PET has
been published. However, Barson and Dong [31] have
studied the diffusion of ethanol vapour into orientated
PET membranes using the radio tracer technique, while
Sifiakis and Rodgers [32] have studied the sorption of a
series of alcohol vapours (methanol, ethanol, propanol,
butanol and isopropronol) into amorphous PET. The rate
of sorption was found to decrease with increasing size of
the alcohol. It is clear from a previous work [6] that the
diffusion of organic liquids into PET depends dramatically
on the chemical microstructure. For example, for benzyl
alcohol sorption the diffusion coefficient changed from 1×
1028 cm2 s21 for amorphous PET to 4× 10210 cm2 s21 for
orientated PET. Further, the equilibrium weight gains were
quoted at,22 and,13.5% for amorphous and orientated
PET, respectively. This, of course, is much higher than the
solubility of water in PET, probably because of large
differences in the swelling process.

In this paper, we compare the different sorption processes
(rates and mechanisms) that occur when water and methanol
are sorbed in PET.

2. Experimental

The films used in this project were made by two different
methods in order to encompass a broad crystallinity range.
The films were made from extrusion grade, PET chips,
containing pure PET (E47) and PET (E99) manufactured
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from 18% isophthalic acid (random copolymer) (see Fig. 1).
The molecular weights�Mw� andTg of these two materials
(obtained from GPC and DSC measurements) were 70 and
60 (73 and 678C, respectively. Films were manufactured by

casting from,5% (w/w) E99 polymer in tetrachloroethane
(TCE). It was found that the manufacture of films of E47
from TCE produced a non-uniform film with a great deal of
surface spherulitic growth. However homogeneous and
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Fig. 1. (a) E47 PET in an all ‘trans’ crystalline formation; (b) E47 PET in a mixed ‘trans’ and ‘gauche’ amorphous conformation; (c) E99 PET containing a
fixed percentage of isophthalic acid comonomer.

Table 1
Summary of the thicknesses andXc of the films used for diffusion experiments annealed at 85–908C

Film thickness (mm) Pre anneal %Xc Anneal time (h) Post anneal %Xc

11:0^ 0:2 4:0^ 0:1 0 4:0^ 0:1
8:7^ 0:3 4:1^ 0:1 0.25 6:4^ 0:2
9:2^ 0:2 5:0^ 0:2 1 8:4^ 0:2
8.0^ 0.2 3:9^ 0:3 3 10:1^ 0:3
8:4^ 0:1 4:2^ 0:2 16 11:2^ 0:2
8:2^ 0:3 3:7^ 0:1 6 12:7^ 0:2
8:4^ 0:1 3:6^ 0:2 2 13:7^ 0:3
8:6^ 0:2 3:7^ 0:2 8 16:2^ 0:4



uniform films containing E47 PET were cast fromortho-
chlorophenol (OCP) which seems to stop the formation of
spherulites on the surface, allowing the casting of films of
higher crystallinity. Film uniformity was checked using
infrared transmission measurements over different regions
of approximately 1 cm2 with a variable aperture and by
comparing resulting intensities. Uniformity was also
checked taking a confocal Raman depth profile of the
samples with approximately 2mm3 spatial resolution.

One method of varying the initial level of crystallinity
within an E99 polymer film was to anneal the films above
738C to induce crystallinity [33]. Unfortunately, using a zinc
selenide substrate, it was impossible to anneal above 1008C,
so it was only possible to obtain a range of crystallinities
between 4 and 16% over the temperature range 85–908C.
Table 1 shows the thicknesses and % crystallinity calculated
for the films used in this work. Raman depth profiling of
these films showed no discernible differences in the
morphology of the films on a 2mm3 scale.

In order to increase the range of crystallinity available in
the films, the process oftrans-esterification [34] was used.
By mixing E47 PET and E99 PET in solution at high

temperature, it was possible, by varying the ratio of the
two polymers to manufacture a wide range of crystallinities
from OCP (which also has the advantage of a high boiling
point). Heating in excess of 12 h tends to produce uniform
films for solutions of approximately 5% (w/w) PET/OCP
near the boiling point of OCP (1758C) followed by film
annealing at 608C for more than 24 h to remove any excess
solvent. Film quality was enhanced even further by casting
while still hot onto a zinc selenide crystal held at ambient
temperature. These films were characterised in the same
way as the annealed films with crystallinities and thick-
nesses calculated using the standard procedures (see
below). The films manufactured are summarised in Table 2.

Thickness calibration was performed using a surface
profiler (Laser Form Talysurf), which measures the height
as a function of distance along a predefined raster. A typical
surface profile output is shown in Fig. 2. Thicknesses were
calculated by taking the mean value of the measured step
height relative to the baseline. Since ATR diffusion
measurements cannot be made with films, which have
been measured using the surface profiler, it was necessary
to make thickness measurements by calibration of an
absorbance versus thickness plot using transmission infra-
red measurements. The PET band at 1410 cm21 was used to
perform this calibration [35], since it is neither conforma-
tionally sensitive nor dichroic in nature, and has a small
enough extinction coefficient not to saturate over the
given thickness range. The necessary calibration plot used
in this work is shown in Fig. 3.

The crystallinity of the films prepared in this way
was calculated using the method of Belali and Vigour-
eux [36]. This involves monitoring quantitatively
changes in the CH2 wagging region of the PET infrared
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Table 2
Summary of the thicknesses andXc of the films used for diffusion experi-
ments (trans-esterified polymer)

Film thickness (mm) E47:E99 Xc %

8:2^ 0:1 0:1 4:9^ 0:3
8:6^ 0:3 1:3 8:4^ 0:4
8:2^ 0:2 1:2 11:2^ 0:3
8:4^ 0:2 1:1 18:2^ 0:2
8:0^ 0:2 1:0 25:0^ 0:2

Fig. 2. Typical Talysurf output used to underpin the thickness calibration.



spectrum in the region between 1300 and 1400 cm21

(see Fig. 4). The model suggested for the calculation
of crystallinity in PET uses the amorphous and crystal-
linity bands associated withtrans and gauche confor-
mers of the CH2 wagging modes. The assumption is that
at each point in the spectrum, the absorbance can be
treated as that of the crystalline and amorphous parts super-
imposed. For ATR measurements the % crystallinity
obtained from spectra such as that shown in Fig. 4, is
given by Eq. (1).

xc �
ai 2 aj�Ai =Aj��ni =nj�

�cj 2 aj��Ai =Aj��ni =nj�2 �ci 2 ai� �1�

a and c refer to molar absorption coefficients of the
amorphous and crystalline parts at frequenciesn i and
n j and whereA is the absorbance measured at frequencies
n i and n j. Coefficientsa and c need to be calculated by
calibration with samples of known crystallinity. The data
used in this work to calculatea andc were those of Zajicek
[37].
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Fig. 3. FTIR-transmission calibration plot for film thickness measurements using the 1410 cm21 band of PET.

Fig. 4. Changes in the CH2 wagging mode region of the ATR spectrum of PET as a function of crystallinity (dotted line is amorphous, solid line is 25%
crystalline).



Diffusion data were obtained using the FTIR–ATR
method as described previously [10,11,16,38–40]. The
experimental cell used is shown in Fig. 5. In practice, the
sample was cast onto one side of the ATR prism (ZnSe) and
mounted into the liquid cell. PTFE ‘O’ rings were used to
seal the cell which was then filled using syringes shown.
Spectra were recorded as a function of time on an Mattson
FTIR spectrometer at a resolution of 4 cm21 (every minute
for the first 30 min of the experiment and every 5 min for the
next 5 h). At each time point, 25 sample scans were
collected over a period of 42 s, so that the absorbance at a
particular time was an average over this time period. Spectra
were ratioed against a background acquired with the dry
film in place.

2.1. Analysis of the diffusion of water and methanol into
PET

The raw data used to determine diffusion coefficients for
the two liquids into semi-crystalline PET are shown as
absorbance spectra in Fig. 6. The integrated areas of these
bands as a function of time were used in order to deduce
either the Fickian or anomalous (dual mode) diffusion
coefficients for water and methanol, respectively. The
ATR method of determination of sorption diffusivity into
polymer films is now well established [10,11,16,38–40] and
will only be summarised here for convenience.

For a plane sheet thicknessL, of a polymer film with
uniform distribution and equal concentrations on both
sides, the mass transported liquid at timet, compared with
the equilibrium mass is given [9,12] by Eq. (2)

Mt

M∞
� 1 2

X∞
n�0

8
�2n 1 1�2p2 exp

2D�2n 1 1�2p2t

4L2

" #
�2�

where Mt is the mass sorbed at timet and M∞ is the
equilibrium mass.

At short times whenMt=M∞ is small,

Mt

M∞
� 4

L
Dt
p

� �n

�3�

In the ATR experiment, total reflection of a light beam
occurs at the interface between a medium with high refrac-
tive index (ATR crystal,n2) and one with a lower refractive
index (polymer sample,n1). The penetration of the
electromagnetic field causes the formation of an evanescent
wave propagating in all directions, decaying exponentially
with distance from the surface. The evanescent wave
electric field decay can be represented in the following
form:

E � Eo exp�2gz� �4�
whereEo is the electrical field strength at the surface (see
Fig. 5),and

g �
2n2p

��������������������
sin2 u 2

n1

n2

� �2
s

l
�5�

whereu is the angle of incidence of the infrared radiation.
For the ATR diffusion experiment, Eq. (2) is modified

[10] to take account of the convolution of the evanescent
wave electric field (Eq. 4) with the diffusion profile. The
resulting absorption is then
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Fig. 5. (a) experimental FTIR–ATR cell used for diffusion measurements;
(b) schematic of the ATR diffusion experiment.
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where At is the absorbance at timet and A∞ is the
equilibrium mass.

In Fickian or Case I diffusion,n is � 0:5 (Eq. (3)). Such
behaviour is usually found for rubbery polymers
(amorphous, lowTg) where the rate of mechanical relaxa-
tion t21

m is rapid compared with the rate of diffusion. For
glassy polymers (crystalline, highTg) when t21

m is slow
compared with the diffusion rate,n is usually greater that
0.5. The limiting case is referred to as Case II diffusion

[12,13] and n� 1; but n can take intermediate values
when the diffusion process is referred to as being anomalous
or non-Fickian. This is because theTg can be altered by
ingress of the penetrant (see earlier section). It is not
uncommon to find a change of a relevant model during
the diffusion process. For the diffusion of water into PET
in this work, it was discovered that the use of Eq. (5) for the
diffusion curve, gave, in most cases, very good agreement
with a model based onn� 0:5: In other words, the ATR
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Fig. 6. (a) change of intensity of water band in PET at 10, 30, 60, 90 min and equilibrium (3 days); (b) change of intensity of methanol band in PET at 1, 2,
10 min and equilibrium (4 h).



absorbance data fitted a Fickian concentration profile. For
methanol (see results and discussion section), it was found
that there is distinct deviation from the Fickian behaviour
and we have used the dual mode approach, in which it is
assumed that the polymer sorption occurs in two stages.

1. A rapid absorption into the surface sites (partially mobile
species).

2. Subsequent diffusion into the bulk materials (totally
mobile species).

Eq. (6) can then be recast to give,

for the second sorption mode.
The values ofx1 andx2 are related to the proportion of the

partially and totally mobile molecules�x1 1 x2 � 1�: The
value of x1 and two separate diffusion coefficients�D1 1
D2� can then be derived from the absorbance data.

Since, for ATR measurements, the initial part of the diffu-
sion curve (see Fig. 7) is not a linear function oft1/2 the ATR
data measured in this work have been fitted, either to Eq. (6)
or to Eqs. (7) and (8) (rather than using Eq. (3)).

3. Results and discussion

3.1. Diffusion of water into PET

The diffusion curves obtained using the methods
described in the introduction are shown in Fig. 7, where it
is clear that there is a distinct variation in diffusion coeffi-
cient as a function of crystallinity. Fig. 8 shows the change
of diffusion coefficient as a function of crystallinity using
data both from the annealed samples and from thetrans-
esterified samples. The necessary data are tabulated in
Table 3.

If only data obtained from annealed samples are con-
sidered (Fig. 8) then it would appear that the variation of
diffusion coefficient with % crystallinity is linear. However,
if the data obtained fromtrans-esterified samples (crystal-
lised from OCP) are included the overall variation is
distinctly non-linear. TheD values for higher crystallinities
are found to be higher than that which might be expected for
the linear model used for the annealed samples. Since it is

thought [41] that the diffusion of water in semi-crystalline
polymers occurs only in the amorphous regions of the film,
this could be interpreted as resulting from diffusion in crys-
talline regions also. If this were the case then the diffusion
profiles should not so obviously fit a pure Fickian model,
since in the crystalline regions, the polymer is expected to
be glassy. A more likely explanation is that the relation
between the diffusion coefficient and crystallinity is simply
not linear. If one considers that the spectra (and therefore the
diffusion coefficient) will be modified by both water–
polymer and water–water interactions that vary during the

diffusion experiment, then it is possibly naive to expect a
linear relationship. Further, it is possible to believe that the
two different solvent systems used for the experiments (TCE
and OCP) may give rise to two different sets of crystallite
sizes. Certainly, the introduction of a comonomer into the
PET lattice will effectively introduce more point defects and
therefore limit the size and lamellar thickness of the crystal-
line material (Fig. 1). Thus, variations of comonomer level
will produce crystallites of different sizes. It is possible to
have two films with the same overall level of crystallinity
with different crystallite sizes, which might have an effect of
the rate of diffusion, even though diffusion may only occur
in the amorphous region. Thus, the detailed morphology of
the polymeric organisation is likely to have an influence on
the rate of diffusion and may well be non-linear in its
variation.

It may be observed from Fig. 7, that the quality of fit of
the diffusion data for water in PET varies depending on the
level of crystallinity. The output from an ATR diffusion
experiment is a convolution of the evanescent wave and
the liquid diffusion profile [10], resulting in a distinguishing
‘S’ shape of the data at low intensity and shorter times. For
the amorphous films, the fit to such a model is poorer at
short times, compared with that at longer times. A better fit
at these short times is obtained using a slower diffusion
coefficient. This is clearly shown in Fig. 7(a) and (d). The
short time ‘tail’ is caused by the time it takes for water to
enter the evanescent field. Comparison with simulated
diffusion profiles has suggested [45] that these tails are
associated with slower diffusion rates. It appears that the
best fit to a Fickian model gives a diffusion constant higher
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than that expected at shorter times. A possible explanation
for such an observation is an increase in crystallinity at the
surface, as demonstrated by Hayes et al. [42] using XPS.
This excess crystallinity at the surface is reduced as the
overall crystallinity increases and the bulk crystallinity
approaches that of the surface. This results in the consider-
ably better fit to a Fickian model without the postulated
induction period caused by the so called ‘skin effect’.
Although several workers including Walls et al. [35,43]
and Hayes et al. [42] have noted differences in the bulk
and surface crystallinity in PET, it is interesting to note
that we have not been able to discern any difference between
bulk and surface crystallinity using a Raman microprobe

with a depth resolution of approximately 2mm. This
suggests that if any differences in morphology are present
between the surface and bulk material, the so called skin
must be relevant to the top 0.5mm of the films. Of course, it
is also possible that the slower initial diffusion rate, which
gets faster and more Fickian as the experiment progresses is
due to the effect of plasticisation by water on the polymer
chains in the amorphous region leading to a higher diffusion
rate. However, this would be contrary to the work of van
Alsten and Coburn [44] who have postulated that an
increase in the amount of water in the bulk polymer may
restrict motions of the polymer chain and reduce the effec-
tive D value. We have not detected this effect in our work.
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Fig. 7. Diffusion curves as a function of crystallinity for water/PET system (data fitted to Eq. (8)): (a) 4.0% crystalline; (b) 8.4% crystalline; (c) %crystalline;
(d) % crystalline; (e) % crystalline; (f) % crystalline.



3.2. Diffusion of methanol in PET

The diffusion of organic liquids into polymers is gener-
ally found to be non-Fickian [55], for several reasons. The
most important of these is that such penetration is accom-
panied by significant swelling, which can change the
diffusion coefficient by increasing the free volume within
the polymer matrix [9]. Further, the absorption of small
molecules into a polymer can lower theTg of semi-
crystalline polymers, even to points below ambient
temperature [25,26,46]. The degree and direction of induced
crystallinity depend on the conditions used [46–50]. The
raw data for the diffusion of methanol into PET under condi-
tions used in this work are shown in Fig. 6(a). At short times

(relatively low concentration) in 5% crystalline PET, the
methanoln (OH) vibrational band shows a distinct shoulder
just below 3600 cm21. This could be due to a small popula-
tion of non-hydrogen-bonded material in the polymer
matrix. This effect, does not seem to occur for liquid
water, since the overall hydrogen bonding network of clus-
ters in water is expected to be more extensive at the same
overall concentration level. On the contrary, this band could
also be associated with methanol hydrogen bonding to the
polymer. This would result in the weakening of methanol
hydrogen bonding and a high frequency shift of then (OH)
band. As the concentration of methanol in the polymer
increases, this high wavenumber feature becomes less
pronounced as found by Barbari et al. [10]. The data
shown in Fig. 6(b) were fitted to a dual mode adsorption
model (Eqs. (7) and (8)) (as was done in the past [51–53])
and a typical result is shown in Fig. 9. The diffusion
constants are tabulated in Table 4 for two different crystal-
linity levels. A clear demonstration of the way in which the
polymer swelled on methanol adsorption, is obtained by
measuring the rate at which then�C� O� band of the
PET decreased as a function of time (see Fig. 10). The larger
the negative absorbance of the bands, the greater the swel-
ling. Incidentally, this band is a doublet with components at
approximately 1700 and 1740 cm21, as discovered
previously [54]. The shift from approximately 1730 cm21

for amorphous PET down to about 1700 cm21 on methanol
sorption is a reflection both of a change of crystallinity
[25,26,29,46–49] and also the interactions of methanol
with the carbonyl oxygen. A plot of the integrated intensity
of the bands shown in Fig. 11(a) indicates that the swelling
process occurs on approximately the same time scale as that
associated with the diffusion of methanol in PET. Indeed the
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Fig. 8. Variation of diffusion coefficient as a function of crystallinity for water into PET. Filled triangles representing the annealed data and opencircles
representing thetrans-esterified data.

Table 3
Tabulated thicknesses, % crystallinity and diffusion coefficients for water in
PET

Film thickness (mm) Xc% D ( × 1029 cm2 s21)

Annealed samples
11:0^ 0:2 4:0^ 0:1 8:57^ 0:33
8:7^ 0:3 6:4^ 0:2 6:87^ 0:48
9:2^ 0:2 8:4^ 0:2 5:84^ 0:26
8:0^ 0:2 10:1^ 0:3 4:54^ 0:23
8:4^ 0:1 11:2^ 0:2 4:05^ 0:30
8:2^ 0:3 12:7^ 0:2 3:77^ 0:10
8:4^ 0:1 13:7^ 0:3 2:92^ 0:22
8:6^ 0:2 16:2^ 0:4 1:80^ 0:11

Trans-esterified samples
8:2^ 0:1 4:9^ 0:3 8:35^ 0:11
8:6^ 0:3 8:4^ 0:4 5:58^ 0:31
8:2^ 0:2 11:2^ 0:3 3:88^ 0:24
8:4^ 0:2 18:2^ 0:2 1:35^ 0:21
8:0^ 0:2 25:0^ 0:2 0:52^ 0:24



rates of the two processes are directly related. Unfortu-
nately, a measure of the rate at which the crystallinity of
PET changes (Fig. 4) on methanol adsorption [36] was not
possible using the infrared data because of interference from
bands associated with methanol. Comparison of the rate of
change of the carbonyl band with time, as a function of
crystallinity is shown in Fig. 11. From these data, it is
clear that the swelling process was faster in the more amor-
phous polymer since no initial positive bands were observed
for the 5% crystalline film. For the 27% crystalline film, the
diffusion of methanol was much slower (see Table 4) and
the behaviour of the carbonyl band was somewhat different,
since now the proportion of material, which can swell was
considerably less.

The quality of fit of the data for methanol sorption
depends on the level of crystallinity (compare Fig. 9(a)
and (b)). There is thus a significant difference in the way
in which sorption occurred for largely amorphous and
partially crystalline PET. This is reflected also by the diffu-
sion coefficients shown in Table 4. In the dual sorption
model, the diffusion coefficientsD1 and D2 represent two
mobile species of penetrant. One represents the rate at which
the penetrant is initially sorbed onto the polymer and the
other one represents the rate at which the penetrant subse-
quently diffuses into the polymer matrix. Unfortunately, it is
not possible (by using Eqs. (7) and (8) to fit to a particular
set of data) to discriminate between the two physical
processes. Nevertheless, it is clear from Table 4 that one
of the diffusion coefficients, termedD2 here, is much slower
than the other one termedD1 here. Further, on going from
5% crystalline, to 27% crystalline material, both diffusion

coefficients were dramatically reduced by between one and
two orders of magnitude. This is consistent with the fact that
the more crystalline the material, the swelling is consider-
ably less and thus the creation of free volume was consider-
ably less. It is therefore expected that the penetration of
molecules within the polymer matrix [56] will be much
faster for the material with the larger degree of swelling
and the lower degree of crystallinity. It is also interesting
to note that for a given crystallinity level, the diffusion of
methanol in PET is considerably faster than that of water
(compare Tables 3 and 4). This could be associated, again
with the degree of swelling of the material as a function of
time during the diffusion process or differences in the
induced crystallinity of the material by water and methanol,
respectively. Such behaviour may also be associated with
the degree of clustering of the two different penetrants [57]
and the ability of a polymer matrix to reduce the cluster size.
It is interesting that the band shape of the methanoln(OH)
band was considerably less sensitive that that of the water
n (OH) vibrational band as a function of time. This strongly
implies that the water clusters break up over a much longer
time period than that observed for the disruption of
methanol hydrogen bonding.

4. Summary and conclusions

An FTIR–ATR method has been successfully applied to
the in-situ analysis of the sorption of water and methanol
into PET of varying degrees of crystallinity. The two
systems were shown to have very different sorption kinetics.
The diffusion of liquid water into PET was shown to follow
Fickian kinetics with a decrease in the diffusion coefficient
with increasing crystallinity. No significant evidence of
swelling was noted. The diffusion coefficients (calculated
by fitting data to a model (Eq. 5) and obtaining the best
fit) were found to range from 8:57× 1029 cm2 s21 to 0:52×
1029 cm2 s21 for a crystallinity range of 4–25%. There is
evidence that the relationship between diffusion coefficient
and crystallinity is non-linear and it is implied that the size
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Table 4
Calculated diffusion coefficients and fraction of ‘bound’ penetrant for
methanol diffusing into PET

Sample 5% crystalline 27% crystalline

D1 ( × 1028 cm2 s21) 18:3�^0:22� 0:64�^0:09�
D2 ( × 1028 cm2 s21) 1:21�^0:09� 0:18�^0:07�
Xa 0:69�^0:03� 0:92�^004�

Fig. 9. Typical fits to the dual sorption model (Eqs. 7 and 8) for methanol diffusion into PET for: (a) 5.0% crystallinity; (b) 27.0% crystallinity.



of the spherulitic crystals within the polymer matrix play an
important role in the rate of diffusion.

The sorption of liquid methanol into PET follows
non-Fickian or anomalous kinetics. The data have
been fitted to a dual sorption model, which gives two
diffusion coefficients based on two species with differ-

ing mobility. Sorption of methanol is accompanied by
swelling, the rate of which is directly related to the
diffusion rate. Increasing the degree of crystallinity,
decreases the level of swelling, hence the diffusion
rate probably by a reduction in the free volume. From
the calculated data, it can be seen that the rate of

C. Sammon et al. / Polymer 41 (2000) 2521–25342532

Fig. 10. Demonstration of the swelling of the PET polymer film on sorption of methanol for: (a) 5.0% crystallinity; (b) 27.0% crystallinity.



methanol sorption into PET is faster than the rate of
water sorption, most probably due to the accompanying
swelling processes. We have seen evidence of a high wave-
number feature in then(OH) spectral region which could
be interpreted as either ‘free’ methanol or methanol hydro-
gen bonded to PET. A similar effect was reported by
Fieldson and Barbari during the sorption of methanol
into PAN [10].
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