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ABSTRACT: This study reports on the effect of gamma
radiation on morphological, thermal, and water barrier
properties of pure ethylene vinyl alcohol copolymers
(EVOH29 and EVOH44) and its biocomposites with the
nanofiller microfibrillated cellulose (2 wt %). Added micro-
fibrillated cellulose (MFC) preserved the transparency of
EVOH films but led to a decrease in water barrier proper-
ties. Gamma irradiation at low (30 kGy) and high doses
(60 kGy) caused some irreversible changes in the phase
morphology of EVOH29 and EVOH44 copolymers that
could be associated to crosslinking and other chemical
alterations. Additionally, the EVOH copolymers and the

EVOH composites reduced the number of hygroscopic
hydroxyl functionalities during the irradiation processing
and novel carbonyl based chemistry was, in turn, detected.
As a result of the above alterations, the water barrier prop-
erties of both neat materials and composites irradiated at
low doses were notably enhanced, counteracting the detri-
mental effect on water barrier of adding MFC to the
EVOH matrix. � 2008 Wiley Periodicals, Inc. J Appl Polym Sci
109: 126–134, 2008
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INTRODUCTION

Ethylene vinyl alcohol copolymers (EVOH) are ran-
dom semicrystalline materials with excellent barrier
properties to gases and food aroma compounds.
They are produced via saponification of ethylene-co-
vinyl acetate copolymers where the acetoxy group is
converted into a secondary alcohol. These materials
are increasingly used in the food packaging indus-
try, especially in multilayer packaging. However,
barrier and mechanical properties of EVOH suffer
from water contact due to water uptake and the
associated swelling ratio.1 EVOH crystallinity and
performances have been conveniently enhanced by
adding, for example, low amounts of organoclays.2,3

Microfibrillated cellulose (MFC) from wood pulp is a
reinforcing filler with excellent potential to be used
in polymer composites. The MFC material consists
of long nanoscale bundles of microfibrills, which
form entangled networks. MFC is normally prepared

by the delamination of delignified wood fibers in
high-pressure homogenizers; the diameter of the MFC
from Scandinavian softwood pulp is � 17–30 nm.4 This
filler is being currently studied to increase the amount
of sustainable components in the formulation of plas-
tics, and to provide additional benefits related to the
mechanical and barrier properties of the films. Thus,
MFC has been reported to have an acceptably high
aspect ratio and, in general, the composites with cellu-
lose derived materials have been observed to improve
the mechanical properties of polymer films.4–7 How-
ever, its hydrophilic nature may diminish the compo-
sites performances in contact with moisture, and
therefore have to be carefully investigated.

Gamma irradiation is not only used for material
sterilization but also to improve the properties of
polymers and in aseptic packaging technologies.8

Typical effects of irradiation in polymers are chain
scission associated to the formation of free radicals
and low molecular weight radiolysis compounds,
and finally crosslinking9. Changes in permeation and
mechanical properties due to crosslinking might
improve the performances of plastics for instance
storage of packaged food at low doses,10,11 and usu-
ally mechanical properties are only affected by high
radiation doses.11 The formation of free radicals and
low-molecular-weight compounds might generate
undesirable off-flavors or discolorations in the plas-
tics, which could impair the use of this treatment
during processing of packaged foods.
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Irradiated EVOH copolymers have been investi-
gated as candidates for food contact, and good per-
spectives were reported, since EVOH has not gener-
ated detectable radiolytic nonvolatile compounds in
food simulants.12 Furthermore, in food contact mate-
rials, permeation properties are probably the most
relevant characteristics to be ascertained and con-
trolled. Thus, a previous work in our lab reported13

that oxygen scavenging properties can be triggered
by irradiation of an EVOH copolymer containing 29
mol % of vinyl alcohol. Additionally, a decrease in
oxygen permeability depending on the irradiation
dose of some EVOH based materials was reported.14

The mechanical rigidity was not strongly affected by
irradiation up to 30 kGy, or was even slightly
improved due to crosslinking.13,14 Both works revealed
the presence of low amounts of volatiles, mainly alde-
hydes and ketones, after irradiation of EVOH based
materials at radiation doses up to 30 or 90 kGy.

This work reports on the impact of EVOH nano-
composite materials containing a renewable cellulose
based nanofiller, through the characterization of
morphological, thermal, and water permeation prop-
erties, and explores the possibility of improving
composite water barrier performances using an ion-
izing radiation source.

MATERIALS AND METHODS

Materials

Commercial grades (Soarnol1 standard grades:
EVOH2903 and EVOH4403) of ethylene-vinyl alcohol
copolymers containing a 29 or a 44 mol percentage
of ethylene in the composition, respectively, were
supplied by Nippon Synthetic Chemical Industry
(Nippon Goshei, Osaka, Japan). MFC was kindly
provided by STFI Packforsk AB (Stockholm, Sweden)
in a gel-like form (2 wt %). MFC microfibrills were
characterized by STFI to be 10–30 nm width, and
0.7–1 lm length. Further details of material prepara-
tion and characterization can be found elsewhere.4

Since theMFC is a gel-like system, dissolution and sol-
vent-evaporation route (so-called casting) was followed.
Thus, solvent cast film samples of the EVOH2903
(EVOH29) and of the EVOH4403 (EVOH44) materi-
als with 2 wt % fiber contents were prepared using
isopropanol : water (70 : 30) as a solvent. The poly-
mer-fiber solutions were stirred in a reflux at 1008C
for 90 min and subsequently cast onto Petri dishes
to generate films after solvent evaporation at 808C of
around 100 lm thickness.

Ionization treatments

Ionization was carried out in a Rhodotron (IBA, Bel-
gium) circular electron accelerator (Ionmed, Taran-

cón, Spain) in the presence of air at room tempera-
ture. Treatment lots were deposited in a transporting
trade leading to the electron beam. Radiochromic
dosimeters (1 cm 3 1 cm) FTW-60.0 (Far West Tech-
nology, CA) were employed, and the absorbed dose
was measured at 600 nm in a spectrophotometer
Genesys-5 (Espectronic, NY) with an uncertainty of
0.006 for a confidence level of 95%. Minimum doses
applied were 32.1 and 63.6 kGy. Thereafter samples
were labeled as 30 and 60 kGy. Nonionized samples
were separated as controls. Further information of
the set-up can be found at http://www.ionmed.es.

Optical light polarized microscopy

Polarized light microscopy (PLM) examinations were
made on the samples using an ECLIPSE E800-Nikon
(Kanagawa, Japan) with a capture camera
DXM1200F-Nikon.

Scanning electron microscopy

Scanning electron microscopy (SEM) was per-
formed after samples were cryofractured in liquid
nitrogen, mounted on bevel sample holders and
sputtered with Au/Pd in a vacuum. The SEM pic-
tures were obtained using a Hitachi S4100 (Hitachi
High Technologies, Wokingham, UK) and were
taken with an accelerating voltage of 10 keV on the
sample thickness.

Atomic force microscopy

Atomic force microscopy (AFM) measurements were
performed using a NanoScope IIIa (Digital Instru-
ments, Tucson, AZ) to investigate the morphology of
the fiber surfaces in the films of the biocomposites.
The images were scanned in tapping mode in air
using commercial Si cantilevers (Digital Instruments)
with a resonance frequency of 320 kHz. Images of at
least four different areas were scanned for each sam-
ple. AFM data in this article show typical morpholo-
gies observed.

Differential scanning calorimetry

The thermal properties of EVOH29 and EVOH44
and their composites with MFC were analyzed using
a Perkin–Elmer DSC 7 thermal analysis system (Wal-
tham, MA). The materials were scanned at a speed
of 108C/min from room temperature up to 108C
over the melting point. The samples for DSC analy-
sis were � 5 mg. Previous to evaluation, the thermal
runs were subtracted analogous runs of an empty
pan. The DSC equipment was calibrated using in-
dium as a standard. DSC analysis was performed in
duplicate.
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Raman spectroscopy

Raman spectra were taken with a Jasco NRS-3100
Confocal Micro-Raman spectrophotometer (Jasco,
Easton, MD), which provides high laser spot lateral
and depth sample resolutions, i.e., measured sam-
ples areas are smaller than 2 lm when the optimum
confocal instrumental setup is selected and using a
1003 short working distance microscope objective.
The laser source used was a red light tuned at 632.8 nm
and powered at 12.4 mW.

Fourier transform infrared spectroscopy

Transmission and attenuated total reflection (ATR)
Fourier transform infrared spectra were recorded
with a Bruker Tensor 37 equipment (Bruker GmbH,
Ettlingen, Germany) with 4 cm21 resolution and 4 s
as typical acquisition time. Previous FTIR recordings,
the samples were dried at 808C for 48 h. Results
were recorded in duplicate.

Water desorption

Samples were dried in an oven at 808C for 24 h. They
were then allowed to saturate in water inside a desic-
cator at 100% RH and were later placed in a desicca-
tor at 0% RH and monitored during desorption until
constant weight (indicating equilibrium desorption).

The diffusion coefficient of water was estimated
from the desorption curves by means of weight loss
experiments using an analytical balance Voyager1

V11140. The detailed procedure was carried out as
follows: At water sorption saturation conditions—
defined as the point where consecutive weighing
experiments yielded equal values—of the specimens
dipped in the compound, the samples were carefully
blotted with a tissue to remove the excess of water

vapor condensed over the film surface (this step is
considered as time zero) and were periodically
weighted until they yielded constant weight. D val-
ues were estimated by fitting the experimental data
versus time during desorption experiments to the
first six sum terms of the corresponding solution of
Fick’s second law [eq. (1)]. Experiments were done
in triplicate.

Mt

Me
¼ 8

p2
X‘
n¼0

1

ð2nþ 1Þ2 exp
(
�Dð2nþ 1Þ2p2t

l2

)
(1)

Solubility (S), required to estimate the permeability,
was estimated from the water uptake at equilibrium,
the density of the materials and the water vapor par-
tial pressure at 248C. The validity of the step-wise
method was assessed by in situ continuous desorp-
tion experiments followed by ATR-FTIR spectros-
copy (results not shown).

Statistical analysis

One-way analysis of variance (ANOVA) was per-
formed with XLSTAT-Pro (Win) 7.5.3 (Addinsoft,
NY). Statistical analysis was run with a confidence
level of 95%. Comparisons between treatments were
evaluated with the Tukey test.

RESULTS AND DISCUSSION

Composites morphology

Visual observations of EVOH29 and EVOH44 com-
posite films indicated that the samples were trans-
parent, suggesting that a satisfactory dispersion of
the filler was achieved in the films. This observation
was also confirmed by polarized light optical micros-
copy as reported in Figure 1. The MFC microfibrils

Figure 1 Polarized light images of EVOH44 (a) and of EVOH44 containing 2 wt % of MFC (b). Scale bars are 10 lm in
the Figures.
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were seen to be well dispersed across the sample
thickness, albeit some MFC agglomeration may also
take place in certain sample areas. Further examina-
tion of the film surface by AFM (Fig. 2) typically
revealed the presence of some MFC fibers that
remained at the nanolevel after casting, and showed
typical fiber diameters of 30–70 nm, in concordance
with the reported morphology data for the MFC.
Fiber length was confirmed to be around 1 lm, also
typical for MFC fibers, and the filler tended to have
a regular shape at the film surface.

Furthermore, at least five SEM images of cryofrac-
tured MFC microfibrills were analyzed for each film
source. Figure 3 again suggests that a reasonably
good dispersion and an excellent interfacial adhesion
of cellulose MFC microfibrills in the EVOH matrix
must have been achieved, since typically MFC
microfibrills could not be discerned from the matrix
in the SEM observations. Observations in the irradi-
ated samples by the same techniques did not reveal
detectable morphological changes as a result of the
irradiation process. A previous work using highly
purified a-cellulose microfibers in biopolyesters
reported that at low fiber concentrations, the cast
films retained the optical properties, had good fiber
dispersion, and even induced improvements in bar-
rier properties to gases and vapors.6 A similar work
used MFC to reinforce the properties of the polar
matrix amylopeptine.4 The latter system studied is
perhaps closer to the one described here because
amylopeptine is a highly hygroscopic biopolymer
that exhibit similar properties as EVOH. This study

showed that the MFC dispersed rather well in the
polar biopolymer and led without the need for plas-
ticizers to improvements in stiffness without induc-
ing material brittleness.

Thermal analysis

Melting temperature (Tm) and heat of fusion (DHm)
for EVOH and EVOH composites with MFC were
determined from the DSC first and second heating
runs. Plain results were normalized by the amount
of EVOH in the composites. Two replicates were an-
alyzed, differences between the recorded values
were always below 2%.

Results for cast films irradiated and nonirradiated
are summarized in Table I and some representative
thermograms are shown in Figure 4 for comparison
purposes. The addition of 2% of MFC did not greatly
alter the melting points of EVOH29 or EVOH44 in
cast films during the first and second heating runs.
However, the melting point was generally lower in
irradiated samples, with or without added MFC
microfibrills, showing a small but constant trend in
the effects of irradiation on the EVOH thermal prop-
erties, probably due to molecular alterations caused
by chemical and physical changes. The melting point
drop is usually interpreted as a result of the creation
of a more defective and/or smaller in size EVOH
crystalline morphology after irradiation13 and the
effects of crosslinking in EVOH29 irradiated up to 30
kGy have already been described.14 The latter pro-
cess was reported to generate a lower free volume
amorphous phase and the authors also claimed that
smaller crystallites were formed. Nevertheless, the
presence of a different chemistry and/or or bulkier
groups unable to crystallize or cocrystallize does
also alter or impair the proper development of crys-
tallinity after melting and recrystallization as
observed (see below).

Melting enthalpy in the first heating run was con-
stantly lower in samples of EVOH29 and EVOH44
containing MFC, compared to the nonirradiated con-
trols. High MFC dispersion and possibly interfacial
adhesion by hydrogen bonding could hinder to
some extent the lateral rearrangements in polymer
chains, and hence crystallization in the materials.
Surprisingly, irradiation appeared to revert the
effects seen in the melting enthalpy and samples
containing MFC showed a heat of fusion in the first
heating run closer to the untreated control with no
MFC. This is possibly the result of an irradiation-
induced local temperature rise resulting in annealing
for the crystalline morphology. Thus, an annealing
effect over the crystalline morphology,9 similar to
those previously reported by thermal treatments
below the melting point of EVOH materials1 cannot
be discarded.

Figure 2 Atomic force microscope image of EVOH29 con-
taining 2 wt % of MFC.
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The maximum of the crystallization peak after the
first melting run was very similar for all the mix-
tures and, therefore, irradiation appeared not to
have a detectable trend over the degree of under-
cooling needed for the crystallization of EVOH, or
over the crystallization kinetics of the material.
Nevertheless, the crystallization enthalpy of both
neat copolymers was recorded to be lower after irra-
diation, hence suggesting alterations in the EVOH
crystallization process due to the chemical changes
occurring in the polymer, as reported below. Those
effects, added to the fact that MFC probably inter-
fered with the crystallization process, caused some
decrease in the crystallization enthalpy of the com-
posites compared to the neat materials.

The second heating run also revealed small differ-
ences in the melting temperature and in the melting
enthalpy, with a tendency similar to the one
observed for the first heating run: lower Tm and

DHm in irradiated samples. This points out that irra-
diation might eventually lead to some permanent
structural effects in the crystalline morphology for
EVOH neat and composite materials that must be
associated to chemical changes and crosslinking in
the lateral order, as already suggested to happen for
EVOH294 copolymers and for other polymers.12

Raman spectroscopy

Typical vibrational bands previously described for
EVOH materials15 were identified in all irradiated
and nonirradiated samples. The bands at 2900 cm21

and the shoulder at 2840 cm21 were previously asso-
ciated to the skeletal CH and CH2 vibrations.14 The
ratio C��H to O��H bonds increased with increasing
the ethylene content and bands associated to CH2

group vibrations were therefore enhanced in
EVOH44 compared to EVOH29 copolymers. The rel-

Figure 3 Micrographs of EVOH and EVOH composites containing 2 wt % of MFC obtained with a scanning electronic micro-
scope. (a) EVOH29; (b) EVOH44; (c) EVOH29 with 2 wt % of MFC; (d) EVOH44 with 2 wt % of MFC. Scale bars are 2.5 lm.
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ative intensity with regard to the band at 2900 cm21

remained fairly constant for all the samples, indicat-
ing that structural alterations due to irradiation have
not affected to a remarkable extent the skeletal
Raman spectrum of the materials.

Most differences were accounted at lower energy
levels, in the range between 1500 and 700 cm21,
where band assignments are typically more difficult
to assign. Thus, the already described bending vibra-
tions of CH and OH around 1293 cm21, the bending
of C¼¼O and OH groups at around 1134 cm21, the
C¼¼O stretching band at around 1065 cm21, and the
skeletal vibrations between 800 and 1000 cm21

remained fairly constant in the composites and in
the irradiated samples. Significant differences were
found between both neat polymers in this spectral
range since the shoulder between the 1134 and the
1065 cm21 bands was more clearly defined in the
EVOH44 copolymers and composites than for

EVOH29 (Fig. 5), reflecting structural differences
that likely arise from the difference in the fraction of
vinyl alcohol in the copolymer. Small frequency
shifts of Raman lines to lower wavenumbers could
be observed suggesting rearrangements in the
EVOH skeleton as a result of the chemical and phys-
ical alterations undergone upon irradiation.

Two characteristic bands were detected at � 1332
and 1225 cm21 in the nonirradiated composites (Fig.
5). The band at � 1332 cm21 probably arises from the
EVOH structure, since it is slightly displaced in posi-
tion in EVOH29 compared to EVOH44 (results not
shown) and can be clearly observed in neat EVOH44
(Fig. 5). This band seems to be more pronounced in
the composites possibly due to the interaction

TABLE I
Thermal Analysis of EVOH and EVOH Composites as a Function of Irradiation Absorbed Doses (30 or 60 kGy)

Pure 30 kGy 60 kGy 2%f 2% 30 kGy 2% 60 kGy

EVOH29 1st Heating run Tm 188.4 187.2 186.9 188.5 188.5 186.9
DHm 68.6 65.6 68.9 66.6 70.2 68.6
Width 16.5 17.3 18.1 16.5 13.6 12.2

1st Cooling run Tc 163.1 162.4 162.2 161.9 161.7 161.4
DHc 275.1 263.5 265.2 250.1 257.3 253.9

Width 6.1 6.7 7.0 9.1 9.4 4.8
2nd Heating run Tm 189.3 188.5 188.0 189.4 188.6 187.6

DHm 59.8 53.6 54.9 58.5 54.7 52.9
Width 8.5 10.1 10.6 9.2 10.1 9.3

EVOH44 1st Heating run Tm 162.5 162.3 161.1 162.5 161.9 161.8
DHm 61.0 59.6 58.2 53.2 60.6 60.0
Width 15.3 15.2 17.9 16.6 15.8 16.4

1st Cooling run Tc 139.5 139.4 139.4 139.1 140.1 138.9
DHc 255.2 254.9 252.9 254.4 253.1 251.7

Width 7.9 8.2 8.0 10.0 8.0 9.1
2nd Heating run Tm 164.5 163.5 162.6 164.3 163.0 162.4

DHm 49.1 47.2 44.2 48.5 45.2 43.3
Width 8.0 9.2 9.5 8.3 8.8 9.9

Melting and crystallization temperatures (Tm and Tc, respectively) were expressed in 8C; melting and crystallization en-
thalpy (Hm and Hc, respectively) were expressed in J g21. The results are the mean of two replicates.

Figure 4 DSC thermograms of, from top to bottom, first
heating scan, crystallization scan, and reheating scan of
EVOH29 composites containing 2 wt % of MFC untreated
(upper curves) and irradiated at 60 kGy (lower curves).

Figure 5 Raman spectra of, from top to bottom, EVOH29,
EVOH44, EVOH44 with 2 wt % of MFC, EVOH44 treated
at 60 kGy and EVOH44 with 2 wt % of MFC treated at
60 kGy.
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between the EVOH C��O groups and the MFC polar
chemistry. In this frequency range, also some stretch-
ing and bending modes of cellulose might be
expected, generating peaks that overlap with the ones
of EVOH materials and perhaps giving rise to the
scattering in this spectral range. Nevertheless, the in-
tensity of this band at 1332 cm21 decreases in both
EVOH29 and EVOH44 composites after irradiation,
as observed in Figure 5 for EVOH44, indicating that
its assignment could be related to C��O bonds as
observed in our experiments with FTIR spectroscopy.
These findings suggest changes in the chemical envi-
ronment of this groups that cannot be readily
assigned or confirmed due to the limited existing in-
formation regarding the Raman spectra of EVOH
materials. No other bands attributed by other
authors16 to potential interactions with cellulose could
be identified during our research.

Fourier transformed infrared spectroscopy

Fourier transform infrared spectroscopy was used in
transmission and in ATR modes to further study the
effects of irradiation on the chemical structure of
EVOH29 and EVOH44 composites.

In the ATR-FTIR experiments, the spectra of dried
samples were normalized to the CH2 symmetric
stretching band at 2855 cm21. This band is assumed
to remain unmodified during the processing of the
samples described here and has, therefore, been
used as an internal standard for the experiments as
reported earlier.1

The normalized intensity of the OH stretching
band centered at 3300 cm21 and associated, in dried
samples, to the presence of OH groups from the
vinyl alcohol part of the copolymer structure and to
some extend to the MFC, is shown in Figure 6 for
the composite of EVOH29 as an example. The effect
of irradiation at 30 or 60 kGy results in an apparent

decrease in the intensity of the OH band of the poly-
mer. This observation has never been reported,
although, it has always been suspected from earlier
work.13 The hydroxyl groups of the composites were
similarly affected by effects that could be attributed
to the irradiation-induced transformation of a certain
amount of hydroxyl groups into, among other chem-
istry, carbonyl based chemistry. This fact could be
further confirmed by transmission FTIR spectros-
copy, as reported below.

The changes previously associated13 to the C¼¼O
stretching mode of aldehydes and ketones between
1680 and 1750 cm21 can only be weakly discerned in
the ATR mode of irradiated neat materials and com-
posites and were, therefore, studied further in the
transmission mode. The transmission mode allows a
better observation in relatively thick samples of
small absorbance bands. Thus, while, due to exces-
sive thickness of the specimens, most bands give
superabsorbance, three weak bands with maxima at
1760, 1736, and 1711 cm21 can be clearly observed
which are thought to arise from C¼¼O groups pri-
mary coming from uncomplete saponification during
the synthesis of EVOH (see Figs. 7 and 8). After irra-
diation, the intensity of the three bands was seen
higher [see Fig. 7(a,b)] than in untreated controls,
reflecting the upcoming in carbonyl groups due to
irradiation in both polymers, EVOH29 and EVOH44.
Formation of carbonyl groups partially coming from
hydroxyl transformation, as detected by ATR in the
3300 cm21 intensity band and/or by radical chemis-
try within the polymers, seemed to be more relevant

Figure 6 Normalized (to the intensity of the CH2 sym-
metric stretching band at 2855 cm21) intensity in the OH
stretching band at 3300 cm21 of EVOH29 for untreated
(higher intensity peak) and irradiated to 30 and 60 KGy
(lower intensity peaks) samples.

Figure 7 Relative intensities normalized by sample thick-
ness in mm, of the absorbance of the three C¼¼O stretching
bands for EVOH29 (a) and EVOH44 (b) and their compo-
sites containing 2 wt % of MFC.
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both in EVOH44 and EVOH44 composites, compar-
ing the intensity of the bands in Figure 7(a,b). Other
authors reported already similar results for irradi-
ated EVOH; for example, after irradiation of multi-
layer films containing PET/PE/EVOH/PE several
newly formed unsaturated hydrocarbons, alcohols,
aldehydes, and ketones were detected,17 in a similar
way as reported in other works,13,14 pointing to oxi-
dation or free radical formation, as well as leading
to the formation of certain volatiles.

Water barrier properties

The water transport properties of EVOH films and
EVOH composites were followed during water sorp-
tion and subsequent desorption to relate the
observed morphological and chemical changes to the
barrier behavior.

The gravimetric water uptake accounted for � 12–
13 wt % in EVOH29 and � 6–7 wt % in EVOH44
samples. Irradiated samples tended to show slightly
lower uptake values but all changes were within 1
wt % for both samples and within the measurement
error indicating that changes in water solubility are
smaller in the samples. After reaching equilibrium
the samples were allowed to desorb under dry con-
ditions in a desiccator (at 0% RH). The correspond-
ing estimated diffusion (D) and indirect permeability
(P) coefficients are reported in Table II.

From Table II the untreated composites showed
higher diffusion rates than the unfilled materials.
This also led to a higher permeability for the compo-
sites. The reason for the increase in diffusion and
permeability in the composites could be ascribed to
the hydrophilic character of the MFC but, since the
solubility was not clearly enhanced, it is most likely
ascribed to morphological changes reported along
this work. Those were mainly changes in crystallin-
ity and in the phase morphology promoted by the
MFC filler.

Table II also shows that the irradiated samples ex-
hibit a significant reduction in the water diffusion
coefficient, and additionally, in permeability values.
Consequently, a more compact crystalline structure
due to crosslinking, and the decrease in the number
of the strongly hydrophilic OH groups, as observed
by ATR, are thought to be responsible for this
behavior in the irradiated EVOH and EVOH compo-
sites. For example, a reduction in the water diffusion
coefficient of � 54% was observed in the EVOH29 at
60 kGy and of � 44% in the EVOH44 at 30 kGy,
compared with their nonirradiated counterparts.
Moreover, permeability values for the irradiated neat
EVOH29 (5.72 or 2.57 3 10215 kg m s21 m22 Pa21 at
30/60 kGy respectively) and EVOH44 (0.61 or 0.86 3
10215 kg m s21 m22 Pa21 at 30/60 kGy, respectively)
films were considerably lower than the calculated
permeability for the nontreated counterparts, con-
firming the remarkable effect of irradiation in reduc-
ing water transport in the materials.

Additionally, in most cases, the gamma irradiation
of composites with cellulose at 30 kGy reverted the
negative barrier effect generated by blending with
the MFC filler, as the composites showed for
EVOH29 and EVOH44 lower water diffusion coeffi-
cient (� 32 and 7%, respectively) than the unfilled
materials. Permeability values were also remarkably
improved for irradiated EVOH29 composites (3.52 3
10215 kg m s21 m22 Pa21), confirming enhanced bar-
rier properties in irradiated EVOH29 composites
compared to the neat nonirradiated EVOH29 films.
The permeability of EVOH44 composites (1.12 3
10215 kg m s21 m22 Pa21) also showed slightly bet-
ter barrier values than the nonirradiated EVOH44
composites, but the improvement was in this case
not sufficient to completely counteract the effect of
adding MFC. The authors are currently measuring

Figure 8 FTIR spectra in the 2000–1550 cm21 range of,
from top to bottom, EVOH29, EVOH29 irradiated at
30 kGy, and EVOH29 irradiated at 60 kGy.

TABLE II
Diffusion (D, m2 s21) and Permeability (P, kg m s21 m22

Pa21) Coefficients of Water in EVOH and EVOH
Composites Untreated and Irradiated with 30 and 60 kGy

D Mean (310213) P Mean (310215)

EVOH29 1.16ab 6.37
EVOH29 2%f 1.73a 8.88
EVOH29 30 1.09ab 5.72
EVOH29 60 0.53b 2.57
EVOH29 2%f 30 0.79ab 3.52
EVOH29 2%f 60 1.59a 7.83
EVOH44 0.46cd 1.14
EVOH44 2%f 0.50cd 1.39
EVOH44 30 0.26d 0.61
EVOH44 60 0.33d 0.86
EVOH44 2%f 30 0.43cd 1.12
EVOH44 2%f 60 0.81c 1.95

The results are the mean of three replicates. Within the
D column, means with different superscripts are signifi-
cantly different (P < 0.05).
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mechanical and other properties such as chemicals
release from the irradiated materials but only small
changes in mechanical and physicochemical proper-
ties of multilayer commercial plastics containing
EVOH treated at 30 kGy have been previously
reported.18

The gamma irradiation of composites with MFC at
60 kGy usually led to films with barrier performances
that were either not too different or even worse than
those of the untreated composites. Thus, the water
diffusion coefficient and permeability values of
EVOH44 composites at 60 kGy were remarkably
higher (D � 150% over the values of the neat materi-
als) than the barrier properties measured for its nonir-
radiated counterpart, confirming that 60 kGy is a del-
eterious dose in terms of improving barrier proper-
ties. Stark negative effects of high radiation doses up
to 100 kGy have been reported for other materials.11

Previous works have pointed out that irradiated
materials undergo crosslinking processes at low radi-
ation doses and that this phenomenon could be
linked to slight reductions in gas and water vapor
transmission rates possibly due to reductions in free
volume.19,14 Moreover, another work showed that a
certain local increase in the sample temperature can
take place as a result of this treatment.9 This process
could be responsible for a certain annealing effect in
the neat and the more distorted composite samples,
promoting the formation of more robust crystalline
structures leading to a certain improvement in bar-
rier properties. Finally, a decrease in polar groups
due to irradiation was also found in this study,
which would in principle lead to a decrease in the
hydrophilic nature of the polymer.

Only doses lower than 30 kGy are typically recom-
mended or authorized for in-package pasteurization
of goods. In this context, the results reported here
indicate that 30 kGy can be of sufficient interest to at
least enhance the water barrier properties of the
highly hydrophilic EVOH copolymers and biobased
composites.

CONCLUDING REMARKS

Gamma irradiation caused diverse chemical modifi-
cations in EVOH29 and EVOH44 copolymers, and in
their composites with cellulose; those changes led to
morphological modifications. The generated struc-

tures differed slightly in the amount and size of
crystals and lost OH groups, while a raise in car-
bonyl groups could be recognized. A positive
annealing effect of irradiation could be inferred, and
the water barrier properties of the irradiated materi-
als were notably enhanced if the radiation did not
exceed a deleterious doses. The composites of EVOH
and MFC did not show better water barrier proper-
ties than the pure material probably due to defects
in crystallinity induced by the cellulose bulk, but
composite properties were positively improved if
low radiation doses were applied. MFC from renew-
able sources is a good candidate to become a filler
for EVOH materials, and to obtain similar or better
performances, additional treatments, as irradiation,
might have to be applied.
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