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This paper reports the use of FTIR spectroscopy along with gravimetric analysis to simultaneously study
water sorption, transport properties and water—-polymer interactions in PP/EVOH films at 25 °C, as
a function of EVOH content and water vapour activity. The results indicate the existence of two different
mechanisms, below (dual-mode) and above a critical concentration value close to the clustering limit
activity. Several spectroscopically distinguishable “types” of sorbed water molecules with different

diffusion rates have been detected, and their evolution as a function of the penetrant concentration
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followed. The main changes in the water structure take place from the clustering limit activity onwards.

FTIR Significant differences both in the state of water and diffusion sequence of free/bound water have been

PP/EVOH blends
Water sorption

found between 90/10 PP/EVOH films and blends with EVOH content >20%, suggesting not only
composite-dependence but also morphology-dependence.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

One of the limiting properties of polymeric materials in food
packaging field is their inherent permeability to low molecular
weight substances, i.e. gases, moisture and organic vapours. Despite
the existence of excellent high barrier materials to gases in oxygen-
sensitive food packaging applications, including ethylene-vinyl
alcohol copolymers (EVOH), polyamides or polyesters, some of these
materials are, for instance, easily plasticized by moisture or do not
thermoseal well; consequently, they are more commonly blended
with hydrophobic polymers like, polypropylene or polyethylene, or
encapsulated in multilayer structures between these hydrophobic
polymers [1]. The sorption and diffusion properties of EVOH
copolymers and its polypropylene blends are, therefore, of consid-
erable interest from both a fundamental and practical point of view.

The first studies describing water transport properties of EVOH
copolymers as a function of ethylene content and temperature have
been carried out using gravimetric and the usual plasticization
analysis methods [2,3]. In this context, vibrational spectroscopy has
proved to be an excellent tool to fully characterize polymer-

* Corresponding author. Tel.: +349 81337400; fax: +349 81337401.
E-mail address: labpolim@udc.es (L. Barral).

0032-3861/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.polymer.2009.04.005

penetrant transport properties and its associated phenomena, as it
is possible to obtain sorption and diffusion parameters and infor-
mation about polymer-penetrant interactions from the same
experiment [4]. It is also relatively straight forward to simulta-
neously obtain information related to the polymer membrane such
as changes in morphology and sorption induced swelling [1,5].

Notwithstanding the relatively high number of publications
studying the barrier properties of EVOH copolymers with different
ethylene contents using the FTIR technique [4,6,7], there is little
cited literature pertaining to polypropylene (PP)/ethylene alcohol
vinyl (EVOH) blends. Initial work, concerning the structure of water
sorbed in PP/EVOH films as a function of blend composition and the
state of water (gaseous or liquid) contacting with the system at
equilibrium, high water activity and 25 °C, has previously been
published [8]. In addition, the oxygen and water vapour perme-
ation have been studied by directly measuring the oxygen and
water vapour transmission rates (O,TR and WVTR, direct perme-
ation methods) [9,10].

However, to our knowledge the infrared technique has not yet
been applied to calculate barrier properties through the PP/EVOH
binary blends. In this paper, we present first results on the use of
FTIR spectroscopy in transmission to assess the sorption and
diffusion process of water through polypropylene (PP)/ethylene
alcohol vinyl (EVOH) blends of increasing EVOH content and to
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characterize the water-polymer interactions in order to under-
stand the mechanism of water hydration and its possible effects on
physical and transport properties.

2. Experimental part
2.1. Materials

An extrusion grade of poly(propylene) (PP) was synthesized by
Repsol (ISPLEN PP044W3f). Its melt flow index (MFI) value is of
3.02g/10min (230°C, 2160g) and density 0.90gcm~>. The
ethylene-vinyl alcohol copolymer (EVOH) from EVAL Europe (grade:
F101B) has an ethylene content of 32.9%, an MFI of 1.51 g/10 min
(190 °C, 2160 g) and density equal to 119 gcm 3,

PP/EVOH blends of increasing EVOH content and compression-
molded films for FTIR measurements were prepared according to
the procedures described in a previous paper by the authors [8]. All
the experiments were carried out in triplicate to check reproduc-
ibility and estimate errors. The average thickness of each sample
was calculated by micrometer measurement (MarCator 1080,
Mabhr) at different locations (n = 100).

2.2. Experimental procedures

2.2.1. Characterization of PP/EVOH blends

Electron micrographs of gold plated fracture surfaces of the
blends were taken with a Jeol JSK-6400 scanning electron micro-
scope (SEM) and published in a previous work [8]. The density of
blends was measured in distilled water by Archimede’s principle
with a density kit of Sartorious LA230S balance. The void volume
fractions were determined by using their measured densities [11]
and Egs. (1) and (2).

Dcr = IMy/(ZMj/d;) = (My +My)/(My/dy + M, /dy) (1)

where D is the theoretical density of the binary blend,
d1=1179 g/cm® and do = 0.899 g/cm? the densities of EVOH and
polypropylene, respectively.

dce = (1 — s)dc,t (2)

where d.. is the experimental density of the blend and ¢ the void
volume fraction of the blend film [12].

The degree of crystallinity within each phase was estimated
from the FTIR spectra of the dried samples performed in the
transmission mode in an OPUS/IR PS15 spectrometer (Bruker). The
peak area ratio Aggg ¢m-1/A973 cm-1 1S one of the most common IR
band combinations used to estimate the degree of crystallinity of
iPP as a function of both material and processing parameters [13].
Besides, the absorbance ratio Aj145 ¢m-1 /A1096 cm- 1S used to esti-
mate the degree of crystallinity of poly(vinyl alcohol) [14].

2.2.2. Water sorption

Film samples were dried at 80 °C for at least 24 h in a vacuum
oven (20 Pa) to remove moisture and then weighted (Sartorius
Electronic Balance LA230S with an accuracy of 104 g). This treat-
ment was suitable for the removal of most of the water present
initially in the polymer matrix as stated in a preceding work [8].

Sorption experiments were carried out at ambient temperature
(2541 °C). Appropriate saturated salt slushes were used to provide
constant water activities (ay) ranging from 0.26 to 0.98 in accor-
dance with standard UNE-EN ISO 483:1988. Ideal behaviour is
assumed, whence activity is evaluated as the ratio between the
pressure of the pure vapour [p] and the water vapour pressure at
25°C [po] i.e: aw = p/po. Beakers (100 ml) containing salt slushes
were placed into 1-L air-tight glass jars. The PP/EVOH films were

placed over beakers containing salt slushes. The samples were
allowed to rehumidify for more than 4 weeks, at which time they
had equilibrated with their surroundings, and then re-weighted.
Moisture uptake at equilibrium was represented by percentage
regain, defined as the moisture uptake (M) per unit mass of the
dry specimen (me) and the solubility coefficients (S) were calcu-
lated using the following equation:

_ MOO
 Mep°aw

(3)
where p° is the saturation vapour pressure at 25 °C [2].

2.2.3. FTIR

Fourier transform infrared spectroscopy (FTIR) was performed in
the transmission mode with an OPUS/IR PS15 spectrometer (Bruker).
The spectra were the results of 32 coadded interferograms at 2 cm ™
resolution between 400 and 4000 cm™~! with collection times of
approximately 1 min. Owing to the relatively low polarity of the
samples, this time is short enough to prevent any significant change
in moisture content during FTIR measurement. In fact, sealing of the
samples against the atmosphere was not needed to obtain repro-
ducible results. The intensity of the peak at 1167 cm™!, characteristic
for methyl group wagging in PP, was taken as the internal standard to
normalize the entire spectrum. The amount of sorbed moisture was
detected as the difference between the hydrated spectrum and the
spectrum of anhydrous specimen. The integrated areas of the water
sensitive bands as a function of time were used to calculate the water
diffusion coefficients (D). Tests were performed on the same samples
used for water uptake and solubility coefficient calculations.

From another point of view, the relationship between the
plasticization factor and the decrease in the absorbance of the
polymer bands can be inferred from the linear relationship
between absorbance and concentration postulated in the Beer-
Lambert law. If linearity is kept, the equation proposed by Baschetti
et al. [15] will provide the plasticization factor of the EVOH fraction:

o s AV AA

% plasticization = Vo~ Ao (4)
where AA and AV represent, respectively, the changes in the area of
the band and the changes in the volume of the sample, while Ag and
Vo are their initial values.

More detailed analysis of the IR spectra has been achieved by
fitting the overall band profiles of the water voy stretching bands. The
band decomposition of the water FTIR spectra has been performed on
the basis of the four-state model, which takes into account the four IR
bands usually observed for water voy vibration, and has been
explained in preceding papers [8,16,17]. Furthermore, the time
evolution of the water structure has been completed by indepen-
dently examining the sorption dynamics for each component area of
the voy water band. The area of each Gaussian component as a func-
tion of hydration time has been fitted with single-exponential curves
and the relaxation times were determined by using Eq. (5):

A = Ag[1 —exp(—t/7)] (5)

where A is the area for each component, Ag is the maximal area, and
7 is the relaxation time [18].

3. Theoretical background
3.1. Analysis of water clustering

Zimm and Lundberg [19,20] have developed a method which
analyses water clustering from the single shape of the experimental
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isotherm. They defined a clustering function Gy /7; considering the
statistical molecular distribution in a binary (1-2) component
system and 71, the volume fraction activity coefficient of compo-
nent 1 (water).

Gn_ 4 [am]/qs])} » )
p.T

7q 0ay

where y; = aq/¢1, a; and ¢, are, respectively, the activity and the
volume fraction of component 1, ¢, the volume fraction of
component 2 (polymer), with ¢, = 1 — ¢;. The analysis assumes
that the polymer and water bulk add up. The clustering function
G11/71 is easily computable from the water sorption isotherms. The
average number of solvent molecules in a cluster or cluster number
(MCS) can be evaluated by

MCS = 1+ [‘mﬁ—f“} (7)

3.2. Modelling diffusion data

The diffusion of water in thin layer films of thickness L is
assumed to follow Fick’s second law. A widely used approximation
is that at short times (up to M¢/M. = 0.5), the amount of substance
diffused is proportional to t" [21] and is given by.

M; 4 (Dt\"

M. — I(F) (®)
The FTIR technique does not directly give the mass of diffusant at
a given depth, but provides absorbance (A; and A.. ) data, which are
proportional to the instantaneous mass of the diffusant (M; and

M., respectively) by the Beer-Lambert law, so that Eq. (8) may be
written as [1]:

Ar 4 /Dr\"

Ao~ z(x) ®)
In Egs. (8) and (9) the value of the exponent n depends on the mode
of sorption. For a clear understanding of the diffusion mechanism,
the sorption results have been further fitted to a relation of the
type:

At

= = Kt" 10
Normally, if the exponent n = 0.5 diffusion is termed as Fickian or
Case 1.

4. Results and discussion
4.1. Characterization of the structure of PP/EVOH blends

The micrographs published in a previous work showed that the
blends are biphasic, and EVOH dispersed across the PP matrix [8].
The dispersed phase is spherical and the size of the dispersed
structures increased with the EVOH concentration. The dispersed
phase underwent debonding on fracture and no rests of the PP
matrix were observed, showing a poor interfacial adhesion
between the two phases. The microcavities in the interphase region
between both components explain their lower density than pre-
dicted by Eq. (1). The void volume fractions, reported in Table 1,
grow exponentially from 10 to 40% EVOH in the binary blends.

From another point of view, the degree of crystallinity of the iPP
fraction estimated from the band ratio Aggg/g73 for the 90/10 films
remains roughly constant with respect to 100% iPP films, but

Table 1
Comparison of experimental and theoretical densities and FTIR absorbance ratios in
PP/EVOH films as function of blend composition.

Blend Experimental Predicted Void volume Aggg/o73

A1145/1096
composition density (g/cm®) density  fraction

100/0 0.899 +£0.001  0.899 0 0.85+0.01 -

90/10 0.918 £0.004 0.921 0.0031 0.83+0.02 -

80/20 0.936 £0.003  0.944 0.0083 0.94+0.01 0.32+0.042
70/30 0.949 +£0.002  0.968 0.0196 0.89+0.03 0.41+0.053
60/40 0.983 +0.001 1.040 0.0550 0.96+£0.03 0.49+0.02

significantly increases for EVOH contents >20%. These data are
consistent with the fact that both the crystallization temperature of
iPP, obtained in dynamic conditions, and the isothermal crystalli-
zation rate are significantly increased by the EVOH presence in the
binary blends as a result of the induction effect of the EVOH crys-
tallites, previously formed, on the crystal nucleation of iPP. In
contrast, the crystallization behaviour of the EVOH copolymer is
not modified by the presence of molten iPP, which is directly linked
to the immiscibility of both components in the melt [22]. Therefore,
the observed linear increase of the band ratio A{145 ¢m-1/A1096 cm-1
from 20% EVOH onwards is attributed to a modification in the
distribution and strength of both intra- and intermolecular inter-
actions of EVOH within the greater spherical domains. This ratio
has not been obtained for the 90/10 blend as the 1145 cm~! band is
undetectable.

In summary, on the one hand, from the density data and SEM
images the free volume increases with EVOH content as a result of
the poor interfacial adhesion. On the other hand, the degrees of
crystallinity within both phases rise with EVOH concentration.
Therefore, both effects balance to determine the transport prop-
erties in the binary blends.

4.2. Water sorption

Fig. 1 exhibits the water sorption isotherms of all the PP/EVOH
blends studied in this work. The four isotherms have a similar
sigmoidal shape. At low water activities, the concavity of the
isotherm with respect to the activity axis is attributed to dual-mode
sorption, made up of Henry’s and Langmuir’s component. The first
one is the illustration of random water absorption in the polymer
matrix. The second one occurs when special adsorption sites are
present in the polymer. In the PP/EVOH system, the Langmuir’s
component is a combination of two kinds of sorption: microvoids
and hydroxyl groups establishing strong hydrogen bonding with
water molecules.

At high activities, the isotherm upturns. The convex part is
generally attributed to two phenomena according to the flexibility

4

3,54 )

3

Water sorption (%)

Fig. 1. Sorption isotherm of PP/EVOH blends in terms of water sorbed amount as
a function of EVOH content at 25 °C. Legend: (@) 90/10; ([1) 80/20; ( # ) 70/30; (x) 60/
40. Inset shows the average cluster number (MCS) vs. EVOH content.
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of the matrix and its affinity for water, plasticization (highly
hydrophilic) or clustering (hydrophobic) [23]. Opposite to EVOH
copolymers [2,4] as the hydrophobicity of the PP phase limits the
polymer from swelling, water clustering around the hydrophilic
sites is the more likely mechanism for the upper part of the
isotherm, although plasticization also plays a minor role in high
EVOH content films at a,, > 0.90.

Regarding EVOH content, the differences in water uptakes
between the 90/10 and 80/20 on the one hand, and 70/30 and 60/40
on the other, are only strongly accentuated as the water activity
rises. The reason why the blends do not show clearly ranked
differences in water uptake at low water activities lies in the blends’
morphology. Plasticization being negligible in this regime, as will
be confirmed in the following section, the water uptake is the result
of the balance between the number of hydrophilic sites and the
existing free volume. As the interfacial voids are greater in 80/20
than 90/10 and in 60/40 with respect to 70/30, the only possible
explanation to this behaviour is the difference in the degree of
crystallinity within both phases which rises with EVOH
concentration.

The limit clustering activity values, calculated when MCS (Eq.
(7)) are equal to 1, are 0.68, 0.60, 0.52 and 0.53 for 10, 20, 30 and
40% EVOH, respectively. These results are in agreement with the
points of inflection in the isotherms of Fig. 1 at which the dual-
mode sorption theory no longer applies. The cluster numbers
(MCS), presented in Fig. 1 as an inset, rise exponentially with
increasing blend hydrophilicity. On the other hand, except for the
90/10 films the average clusters’ size for the PP/EVOH blends is
higher than the size estimated for an EVOH copolymer of the same
ethylene content [2]. This fact is a consequence of the different
mechanism of water sorption between PP/EVOH blends and pure
EVOH at mid and high water activities. As a result of the strong
plasticizing effect in the latter, subsequent molecules sorb at the
increasing number of newly available polar sites, thus, limiting the
average cluster size around the hydroxyl groups [24], estimated by
the Zimm Lundberg theory. Nonetheless, as hydration continuous
and beyond a certain water content the opened volume allows the
formation of water-rich domains or “bulk water”, that is to say,
water aggregates of fully coordinated water molecules not bound to
the polymer [25,26]. Bulk water, as detected by IR spectroscopy, is
water showing a band profile similar to liquid water with a broad
OH stretching band with its maximum at 3400 cm™! [8], as it is
seen in pure EVOH difference FTIR spectrum [4].

4.3. Solubility coefficients and plasticization factors

The water solubility coefficients (S) of the PP/EVOH films at 0.98
water activity, calculated using Eq. (3), are shown in Fig. 2. The
values for pure PP and EVOH have been included for comparison. As
expected, the % water uptake and water solubility increase linearly
with EVOH content, owing to the increasing number of OH groups

= T
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& 0,04 30 &
£ 15 8
> 4 N
3 003 1% 2
e o002+ 115 8
=~ 14 -
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€ o0 =y O : : 0o =
e 0 10 20 30 40 100 =

% EVOH

Fig. 2. Water solubility coefficients (S) (bars) and plasticization factors (lines) of the
EVOH amorphous fraction in PP/EVOH films at 25 °C and 0.98 water activity.

within the polymer matrix able to develop strong hydrogen bonds
with the water molecules.

From another point of view, FTIR spectroscopy is capable of
determining structural changes in the polymer matrix upon water
sorption. Apart from the water sensitive bands, the only significant
change observed in the PP/EVOH spectra concerned the EVOH
fraction and is the gradual decrease of the broad envelope centred
at 1092 cm™!, which hides the contribution of at least an amor-
phous band at 1115cm™L On the other hand, the characteristic
crystallinity peak at 1145 cm~! [27] does not modify its intensity.
Unsurprisingly, water molecules mainly concentrate in the amor-
phous EVOH fraction intercepting inter- and intramolecular
hydrogen bonding provided by the hydroxyl groups and incre-
menting the polymer free volume [28].

The plasticization factors were determined by introducing in Eq.
(4) the area of the band centred at 1092 cm~! for dry and water-
saturated films. The values obtained at 0.98 water activity are
summarized in Fig. 2. The degree of plasticization increases linearly
with EVOH content up to 30%, but tends to stabilize for the highest
concentration. Moreover, even in the latter blends this parameter is
significantly smaller than that of EVOH copolymer [6]. This is due to
the confinement of the EVOH phase in isolated spherical domains
within the hydrophobic PP phase, which slows down the EVOH
fraction from swelling.

Table 2 displays the water solubility coefficients (S) and plasti-
cization factors of 90/10 and 70/30 PP/EVOH blends as a function of
water activity. As expected from the sorption isotherms, the coef-
ficients for the 80/20 and 60/40 films are coincident within
experimental error with those of 90/10 and 70/30 compositions,
have been omitted for the sake of brevity. The solubility coefficients
respectively, except at high water activities. Therefore, their
values for the 90/10 PP/EVOH blends are roughly constant over the
entire activity range, whereas for the 80/20, 70/30 and 60/40 films
they remain constant up to 0.90, 0.82 and 0.68, respectively, but
exhibit statistically significant greater values from there onwards.
The invariance of the solubility indicates that over the aforemen-
tioned water activity range, the observed degree of plasticization is
too small to affect macroscopic properties. On the contrary, the
solubility coefficients of water in pure EVOH increased exponen-
tially with increasing a,, as a result of the strong plasticization
effect of sorbed water [2].

4.4. Diffusion data

Water molecules sorbed into PP/EVOH films are identified in the
vibrational spectrum by means of an increase in absorbance,
compared to the dry polymer, at specific regions. The vibrations
responsible for these changes, seen in Fig. 3, are the fundamental
stretching (von) between 3700 and 3000 cm™'; the 2150 cm ™! band

Table 2
Water solubility coefficients (S) and plasticization factors of the EVOH amorphous
fraction in 90/10 and 70/30 PP/EVOH films at 25 °C vs. water activity (aw).

Qv 10% EVOH 30% EVOH

S x 10% (kgwater/ Plasticization S x 10% (Kgwater/ Plasticization

m°potymer Pa) factor (%) m? polymer Pa) factor (%)
0.26 1.90 +0.34 - 7.26 +£0.30 0.84 +0.55
0.35 2.76 +0.42 2.22 +0.40 6.64 + 1.55 2.72+0.28
0.45 217 +0.12 3.18 +0.19 6.03 + 1.30 3.75+0.82
0.55 2.66 +0.41 423 +0.37 6.44 + 0.86 4.76 +£0.52
0.68 2.76 +0.56 447 +0.55 6.48 +0.38 6.01 £0.83
0.82 2.76 +0.73 4.74 +0.80 6.00 +0.42 7.09 +0.43
0.9 2.69+0.53 5.15+0.48 830+10 728 £0.34
0.98 315+0.42 428 +0.87 9.10+£0.9 8.69 + 0.69
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Wavenumber (cm™)

T
4000 3500

Fig. 3. Subtraction FTIR spectra collected at different sorption times in the case of
water vapour sorption test at a,, =0.98 in a 70/30 PP/EVOH film.

assigned to vibrations from the scission and rocking of water; the
water OH in-plane bending vibration (don) at 1652 cm™' and the
700 cm~! band arising from the out of plane vibrations of O-H
groups or librations. The fundamental OH stretching vibration is
divided into two peaks. The one in the higher frequency region,
around 3520-3530 cm™ !, has been assigned to unassociated water,
dimers and loosely bound water. The peak in the lower frequency
region is associated with water bound by strong hydrogen bonds to
the polar groups of the polymer [8].

Sorption curves were plotted as percent absorbance gain of the
water bending band (don) vs. square root of time for PP/EVOH
films of increasing EVOH content at a,, = 0.98 (Fig. 4). The linear
shape of the curves up to 50-60% maximal sorption levels indi-
cated that the processes can be described as Fickian. Furthermore,
from least-squares analysis of the data using Eq. (10), the n values
for the four water bands were approximately 0.5, corroborating
Fickian diffusion, independently of EVOH content and water
activity.

The diffusion coefficient (D) was assumed to be independent of
the concentration of the penetrant and Eq. (9) used to calculate the

2400
2000
1600
1200

800

400

Normalised 3, Areas /100 g polymer

T T
200 300
t1/2 (5112)

Fig. 4. FTIR water sorption curves for PP/EVOH films of increasing EVOH content at
25 °C and 0.98 water activity.

—— VOH

74 -—-@-- 3537/20 cm™

A--3193/50 cm
--4-- 2150 cm”
0= Sopy
—%- 700 cm™

- I

31 T
]
1 -
0 T T T T T T T
10 20 30 40
%EVOH

Fig. 5. Diffusion coefficients for water vapour at 25 °C and 0.98 water activity in PP/
EVOH films as a function of EVOH content.

mean diffusion coefficient. Fig. 5 gathers the D values of the main
water bands and the two peaks that form the fundamental OH
stretching vibration, as function of EVOH content at a,, =0.98. A
first look reveals that the D values diminish linearly from 10 to 30%
EVOH. Nevertheless, except for the bending band, these differences
lie within the experimental error (ANOVA P < 5%), which is mainly
due to the difficulty to obtain reproducible film thickness and the
non-uniform composition profile within each sample. Secondly, the
coincidence of the D values of the 2150 cm™ Y, 6oy and 700 cm™!
peaks could allow the use of any of them to determine diffusion
(ANOVA, P <5%). However, the best candidate is the bending
vibration, because the errors associated with it are smaller. The
reason lies in the fact that this band does not overlap with the
polymer signals and does not shift over the entire sorption process
[5-7]. Therefore, we will mainly refer to the bending band from
now on.

Concerning the fundamental stretching region, the diffusion
coefficients of the 3190 cm~! peak are approximately twice the
values of the higher frequency band in the four compositions
studied. Moreover, the D values of the latter are in agreement with
those of the other water bands, supporting the idea that the global
diffusion process at high water activity is governed by the diffusion
of loosely bound water and that the different types of water are
absorbed at a different rate.

From another point of view, the bending band diffusion coeffi-
cients for PP/EVOH 90/10 and 70/30 films are presented in Fig. 6 as
a function of water activity, together with data found in literature
for EVOH copolymer of the same ethylene grade [4].

In relation to PP/EVOH 90/10 films, the diffusion coefficients
decrease exponentially with water activity, reaching a constant
value at ay = 0.82 (° = 0.998). The same trend is observed for 70/
30 films but the transition occurs at a lower water activity, 0.55-
0.68 (? = 0.990). Moreover, 70/30 films display significantly lower
values than 90/10 blends (Student’s t-test, P < 0.05) in the whole
activity range. Similar results have been encountered for the other
water bands.

Opposite to inert gases, marked decreases of the diffusion
coefficients with water vapour concentration have been observed
in several polymers. This is a consequence of the strong localized
interactions developed between the water molecules and polar
groups in the polymer [29,30]. Accordingly, the decrease of the D
values with water activity is a consequence of the “sticking” of the
first water molecules at the OH groups of the EVOH forming the
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Fig. 6. Bending band diffusion coefficients of PP/EVOH 90/10 and 70/30 films
compared with those found in literature for pure EVOH [4].

first hydration layer, and of the further aggregation in small clusters
around these sites to constitute the effective hydration region [8].
Besides, the observed plasticization in 90/10 and 70/30 blend films
is too small to affect diffusion as the coefficients reach a minimum
at the high activity range. Furthermore, the higher number of
interacting sites and the greater clusters size contribute to a further
reduction of the effective diffusivity on increasing EVOH content
from 10 to 30% at a,y = 0.98. The consequences are lower D values
and higher dependence on water concentration [31]. Nevertheless,
this factor alone does not explain the slightly different behaviour of
the 40% EVOH sample (Fig. 5). A contribution to this observation
could come from a higher degree of plasticization, but this is not
seen by FTIR. Thus, this effect is attributed to the greater void space
around EVOH spheres, which makes the plasticized interface
a preferential pathway for moisture diffusion.

Regarding pure EVOH, diffusion coefficients are at least one
order of magnitude smaller with respect to 70/30 PP/EVOH blends
at low water activities. The reasons are the faster free volume
blocking, due to the superior number of hydrophilic sites, and
differences in initial free volume owing to the high inter- and
intrachain self-association in EVOH copolymers. It is worth
mentioning, that D data appeared to be the lowest not at 0.11 but at
0.23 water activity (Fig. 6). These results are in accordance with the
presence of a Langmuir contribution in this range observed in the
sorption isotherms and oxygen permeability values before plasti-
cization took place [4,6]. Otherwise, as a result of an exponential
increase above a, = 0.54, the D values become super imposable
with those of the 70/30 blends at very high water activities. This is
due to the well-known plasticization process undergone by EVOH
copolymers in this regime of water activity.

4.5. Water-polymer interactions

Attempts have been made to solve the time dependency of the
water structure in the PP/EVOH blends at 0.98 water activity. Band
decomposition of water FTIR spectra has been performed on the
basis of the four-state model, which takes into account the bands
observed for liquid water voy vibration [8]. Fig. 7 displays the
water experimental subtraction spectrum along with its curve
fitting analysis in a 70/30 PP/EVOH film at equilibrium. The
spectrum exhibits four components. According to their positions
from high to low wavenumber, they can be ranked from the
strength of hydrogen bonding, i.e., band A;, Ay, A3 and A4
reflecting very weak, weak, medium and strong hydrogen bonds,
respectively.
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Experimental

0.20

0.15
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Absorbance [arbitrary units]

0.00 ] ey . T
3800 3400 3200 3000
Wavenumber [cm™]

_— .I
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Fig. 7. Curve fitting analysis of the difference spectrum corresponding to water vapour
sorbed at equilibrium (a,, = 0.98, 25 °C) in a 70/30 PP/EVOH film. The figure displays
the experimental line shape, the simulated profile and the four resolved components.

Focusing on the relative distribution of the four types of water
molecules shown in Fig. 8, it is clear that they are present in every
blend composition at any water content, although their relative
contributions vary in the time course of hydration. Thus, the A4
band, which corresponds to fully hydrogen bonded water mole-
cules directly attached to the active sites of the polymer (first
hydration layer), is more pronounced in the early stages of expo-
sure to water vapour. When the water content increases, its relative
population is reduced to the benefit of the remaining components,
the greatest relative raise corresponding to the Az band. This band
has been assigned to fully hydrogen bonded species which form the
second hydration layer or the clusters around the hydrophilic
polymer sites. Besides, the A1 and A, components reflect, respec-
tively, the asymmetric and symmetric O-H stretching vibration of
water monomers confined into excess free volume, and partially
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Fig. 8. Relative contributions of the four bands corresponding to »oy of pure water and
water absorbed in PP/EVOH films of increasing EVOH content, at various stages of
hydration at 0.98 water activity.
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hydrogen bonded water molecules. The latter have one of their OH
groups participating in hydrogen bonding to other water mole-
cules, and may either form self-associated dimers or may be weakly
bonded to the aforementioned clusters [8]. Moreover, there are
significant differences in the relative contribution of both the A4
band, which increases, and the A3 component, which decreases, in
the 90/10 blends in relation to the more hydrophilic mixtures, both
in the “early” and the “late” stages of hydration (ANOVA, P < 5%).
These results are in accordance with the lower average cluster size
estimated for the 90/10 films.

Besides, the alterations observed in the water structure are also
evident on the average energy of the water H bonds. This is shown
by large frequency shifts from the band positions and changes in
band half widths. Table 3 presents the recovered parameters from
band fitting FTIR corrected spectra of pure water [17] and water
sorbed in the PP/EVOH films.

Interestingly, bands A1 and A; in blends with EVOH content >20%
experiment a similar trend, opposite to band A4. They significantly
upshift until equilibrium (blue shift), Avg = 30+ 10and 25+ 5 cm™},
respectively. These changes in band wave numbers go along with
anarrowing in band half widths of Av'2—= 224+ 9and —18+5 cm
respectively. These results suggest a weakening in the mean H bond
strength. On the contrary, the A4 component downshifts,
Avg=—30+10 cm™}, and this red shift goes along with a significant
band broadening of Av'2=30+4cm™!. Hence, the average H-
bonding strength and the distribution of H bonds of the primarily
hydrating water progressively grow since the early steps of hydration
until saturation. Finally, band A3 behaviour is more difficult to explain,
since it displays a blue shift of Avg=23 + 3 cm~! which is paralleled
with the widening of the band, Av'? =30+ 7 cm~'. However, the
dynamic exchange between sites and hydration layers may account
for this band widening [25].

Again, there are differences with respect to the 90/10 films; the
first three components exhibit blue shifts which go along with band
width enlargements. Conversely, the A4 band wave number (vg)
remains unaltered within experimental error, although the band half
width (Ar'/?) experiments a large band narrowing (Ar'? = 43 cm™1).
The latter result suggests that strong matrix-water H-bonding occurs
in the early steps of hydration which weaken at later stages.

Another complementary approach to this analysis is to inde-
pendently examine the dynamics of water sorption of each
component area of the yoy band. The relaxation times () (Eq. (5))
provide information about the sequential order of the intensity
changes observed in the difference spectra [18]. The 7 values for

Table 3

Summary of A: band positions (vo, cm~!) and B: band widths (Av'/2, cm~!) for water
vou Stretching modes in pure water and in PP/EVOH films as a function of EVOH
content at 0.98 water activity and 25 °C.2

Band  Pure water  10% 20% 30% 40%
30min/48h 30min/48h 30min/48h 30 min/48 h
A: band positions
Al 3630 3583/3621 3610/3641 3610/3628 3605/3634
A2 3550 3505/3526 3522/3546 3521/3541 3522/3549
A3 3400 3395/3410 3403/3424 3400/3423 3406/3432
A4 3232 3179/3186 3162/3141 3184/3142 3162/3128
B: band widths
Al 80 107/146 126/113 150/118 131/112
A2 155 133/146 147/134 148/125 138/125
A3 213 115/142 133/157 118/153 126/163
A4 205 430/387 357/378 322/349 325/358

¢ For each blend, three spectra have been fitted which correspond to “early” and
“late stages of hydration”, respectively and the averages calculated. Typical confi-
dence intervals are +5 cm™! for band positions and widths, although the intervals
may be twice to thrice for the A4 band.

components 1-4 in 90/10 films were 69 + 15, 131 +10, 165 &80
and 86 4 14 min, respectively; whereas, for the same components
in 70/30 blends were 360+93, 318+13, 435+95 and
261 +16 min, respectively. Consequently, the motion sequential
order in 90/10 films is A; — A4 — Ay — As. Conversely, in 70/30
blends not only diffusion is slower but the sequential order
changes to A4 — A, — A1 — As. Besides, both the 7 values and
sequential motion of the intensity changes for 80/20 and 60/40
films are basically similar to those estimated for 70/30 blends.

From another point of view, the water spectra in the 3800-
3000 cm~! region collected at equilibrium at 7 different water
activities reveal that as the activity increases, the experimental
band around 3500 cm~! becomes more and more significant in
relation with the band at 3190-3150 cm~! (Fig. 9). Analogous
behaviours have been described in a wide variety of polymers
[4,16,32].

This effect is further evidenced by plotting the results of the
curve fitting analysis as a function of water activity in 90/10 and 70/
30 films. Fig. 10a and b shows how the relative amount of A4 water
molecules gradually decreases with activity, while those of the
A1 + Ay components increase. Although the general trend is similar
in the two blends, the rate of these variations depends on the film
composition. Both plots show a point of inflection occurring at
approximately 0.55 water activity for 70/30 films and above 0.82
for 90/10 blends. In addition, A; water molecules remain constant,
within experimental error, until a, =0.98 in both compositions;
the A3 population is then increased by 1.6 and 1.4 factors for 70/30
and 90/10 films, respectively.

Furthermore, the A; A and As components in 90/10 films
display blue shifts of Avg = 19, 17 and 15 cm™, respectively, from
0.82 activity onwards; similarly, the A, and A3 peaks in 70/30
blends exhibit blue shifts of, Avg =9 and 20 cm™’, respectively,
from 0.55 water activity onwards. Thus, there is a decrease in the
average hydrogen bonding strength of the water species of the
second hydration layer at equilibrium as the activity increases,
despite the raise in their relative population. In 70/30 films, these
changes are coincident with the clustering limit activity. On the
whole, the evolution of the relative population of interacting water
species at equilibrium with water activity is basically similar to the
trend observed upon hydration time at a,=0.98, in both
compositions.

In summary, the described findings are consistent with the
physical picture of a system where the hydrogen bonding structure

Normalized Absorbance (cm)

T T = T T — T T
3800 3600 3400 3200 3000
Wavenumber (cm™)

Fig. 9. Subtraction FTIR spectra in the 3800-2700 range (von band) corresponding to
water absorbed at equilibrium at different a,, in 70/30 PP/EVOH films.
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of water changes as a function of hydration time and external water
activity. In fact, at very low hydration times and low activities strong
interactions with the OH groups of the EVOH fraction are more
likely to develop for enthalpic reasons [16]. Nonetheless, the bands
A1, Ay and As are also present in the polymer; therefore, the second
hydration layer, with both strong and weak interactions, can be
formed on certain sites before all accessible polar groups are
saturated. As the water content increases, reachable interacting sites
get closer to saturation and weak interactions play an increasingly
significant role. Apart from this, the stretching modes of A1, A; and
A3 molecules shift in the direction of weaker bonding, in spite of the
rising in their relative population. It is likely that by successively
adding water the size of the clusters around interacting sites
increases, but their shape does not allow the formation of strong
hydrogen bonds [32].

Moreover, the mean H-bonding strengths of A, A, and A3 water
species are larger in 90/10 films in comparison with the more
hydrophilic mixtures. Thus, it is reasonably assumed that, although
smaller in size, the shape of the clusters permits the formation of
stronger hydrogen bonds. In contrast, the frequency of the A4 band
and its narrowing in 90/10 films suggest a decrease in the average
hydrogen bonding strength upon hydration, whereas it keeps
growing until equilibrium in blends with higher EVOH content. The
obvious inference from this finding is that the water structure does
not strictly correlate with the amount of sorbed water in the
polymer [33].

From the assignment and time evolution of the components of the
water voy band, the processes of water adsorption followed by
penetration into the 90/10 polymer film could be as follows: (1)
monomeric water first adsorbs onto the polymer surface and
partially diffuses into free volume because the value of component 1
is the smallest, (2) subsequent molecules penetrate and bind to the
OH groups of the EVOH chain, (3) then weakly bonded dimers/
trimers, which are molecularly dispersed in the polymer matrix, are
formed and/or new water molecules bind with only one of its H
atoms to the first hydration layer; finally (4), the aggregation of water
molecules in small clusters around the polymer hydrophilic sites is
completed, because the 7 of component 3 is the largest. Since in PP/
EVOH blends with EVOH content >20%, the t value for component 1
is larger than those for components 4 and 2, the water forming
stronger hydrogen bonding with hydrophilic polymer sites might be
produced prior to water diffused into microvoids. Alike for the 90/10
blends, formation of fully hydrogen bonded clusters, around the
polymer polar sites, should be the last step in the hydration process.

As a final point, the differences found between 90/10 films and
blends with higher EVOH content are to be attributed to the specific
morphology of the formers [34]. The lower degree of crystallinity in
90/10 blends together with the smaller void space around the
EVOH spheres, explain the fact that monomeric water molecules
diffuse into the PP fraction prior to binding the EVOH hydroxyl
groups; while for films with EVOH content >20%, which have
increasing gaps at the interphase with available sites for water
molecules interaction, the sequence is the opposite.

5. Conclusions

FTIR along with gravimetric analysis has provided the following
new information about the kinetics and interactions relevant to
water sorption in PP/EVOH blends. The results would be useful to
design suitable formulations for the food packaging industry with
the best cost/properties ratio.

The sigmoidal shape of the water sorption isotherms proves the
existence of two mechanisms, below (dual-mode) and above
a critical concentration value close the clustering limit activity.
Plasticization being negligible at low water activities, the blends do
not show clearly ranked differences in water uptake due to the
complex blend morphology. Otherwise, at very high water activi-
ties the water content increases linearly and the average clusters’
size rises exponentially with EVOH content.

Fickian sorption has been observed independently of the EVOH
content or water activity at 25 °C. Diffusivity decreased linearly
upon raising EVOH from 10 to 30% at 0.98 water activity, but
reduced exponentially with water activity reaching a constant
value. On the contrary, the solubility coefficients remained roughly
constant at low and medium water activities. These behaviours
have been attributed to a free-volume blocking regime as a conse-
quence of the strong physico-chemical affinities of the water
molecule for the polar sites of the amorphous EVOH fraction, in the
absence of a significant moisture induced plasticization. The low
plasticization is due to the confinement of the isolated EVOH
spheres within the hydrophobic PP matrix.

In terms of water-polymer interactions, there is a distribution of
water molecules with different hydrogen bonding strength which
changes upon hydration time and water activity. Regardless of the
EVOH content, the molecules more strongly associated by hydrogen
bonding are dominant at low sorption levels, whereas those less
hydrogen bonded prevail at high sorption levels. The main changes in
water structure take place from the clustering limit activity onwards.

Besides, significant differences both in diffusion sequence of free/
bound water and water structure, irrespective of hydration time and
water activity, have been found between 90/10 films and blends
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with higher EVOH content. As there are no differences, within
experimental error,among the blends with 20, 30 and 40% EVOH, the
dynamic sorption behaviour and state of water is not only propor-
tional to the number of hydrophilic sites in the polymer network, but
also dependent on the observed morphological differences.
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