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Abstract

In this work, the influence of a unilateral hydrolysis treatment on O, and H,O permeation properties
of poly(ethylene-co-vinyl acetate) (EVA) containing 70 mass% of vinyl acetate are investigated. On
the one hand, the O, permeability decreases with the reaction time (0 to 16 h), while the H,O perme-
ability passes through a maximum for a hydrolysis of 30 min. One the other hand, the existence of
structural changes as a function of the hydrolysis duration is checked by means of DSC investiga-
tions. Results lead to conclude that a crystalline phase occurs by hydrolysis and is responsible of the
permeation changes.
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Introduction

Barrier properties for packaging materials have been improved in recent years and the
films protecting foods from oxidation and moisture that perform well are poly(ethyl-
ene terephthalate), polyethylene, polypropylene, and poly(vinylidene chloride), etc.
Completely hydrolyzed poly(ethylene-co-vinyl acetate) (EVA), leading to poly(eth-
ylene-co-vinyl alcohol), is one of the least permeable polymers in the dry state. Its
perfect gas barrier properties for water and oxygen, however, are not suitable for
fresh fruits and vegetables. These foods are perishable and need protective packaging
until they are used. During the period of preservation they produce biochemical reac-
tions that consume oxygen and yield carbon dioxide and water. There is a trade-off
between the respiratory intensity and the period of their preservation. By reducing the
partial pressure of oxygen in the packaging materials the respiratory intensity can be
reduced so that the product lasts longer. Moreover, the condensation of water gener-
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ated by the biochemical reactions induces moulds, and also the anaerobic fermenta-
tion of bio-components under high water and CO, contents often leads to a bad taste
and smell. For a better preservation of fresh fruits and vegetables, it is necessary to in-
crease the water permeability and keep the permeability for oxygen low in order to re-
duce the respiratory intensity and the anaerobic fermentation rate.

From these considerations, the aim of this study was to prepare membranes exhibit-
ing high H O/O, permselectivities. We have reported that the H,O/O, permselectivities of
membranes of copolymers of ethylene with vinyl acetate increase with the vinyl acetate
contents (from 2 to 70 mass%) [1]. In order to improve their permselectivities, pseudo
‘bi-layer’ membranes, based on EVA containing 70 mass% of vinyl acetate groups, were
prepared by unilateral hydrolysis using solutions of sodium hydroxide in a mixture of
water and methanol. So, ‘bi-layer’ membranes are formed by a first homogenous layer of
EVA and a second heterogeneous layer of hydrolyzed EVA. Thus, the chemical structure
of the treated layer is composed of poly(ethylene-co-vinyl acetate-co-vinyl alcohol).
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Scheme 1

The depth of the hydrolyzed layers and the concentration of hydroxyl groups in the
EVA membranes were controlled by the treatment time in the solutions and were charac-
terized by means of IR spectroscopy and fluorescent microscopy. The transport proper-
ties of water and oxygen through the ‘bi-layer’ membranes were studied by permeation
measurements. In order to investigate the structure-property relationships in greater
depth, the influence of the hydrolysis treatment was investigated by DSC experiments.

Experimental

Polymer film preparation

Poly(ethylene-co-vinyl acetate) (EVA) containing 70 mass% of vinyl acetate was of the
Baymod type, kindly provided by Bayer Corp. Dense films of EVA were prepared by
casting from dichloromethane (10 mass%) solutions onto a glass plate. The film obtained
was dried for 12 h under atmospheric pressure at room temperature and then dried in an
oven for 7 h at 80°C. After cooling at room temperature, the edges of the films were
turned up to form a ‘boat” measuring 130 mm by 150 mm, this was left on the glass plate.
A 120 mL solution of a 0.8 molar NaOH and containing 75 vol.% of methanol and
25 vol.% of water was spread in the ‘boat’. Different hydrolysis times, from 30 min to
16 h, were used. The reaction was terminated by adding 150 mL of an aqueous 3.0 M
HCI solution. After 15 min, the films were soaked in water for two days to remove HCI
until pH=7 was reached. Finally, they were removed from the glass plate and transferred
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first to polyethylene sheets, with the non-treated side facing the polyethylene; they were
then exposed to the air for 24 h before being dried over P,O; in a desiccator at room tem-
perature under vacuum for 24 h. The film thickness was approximately 150 pum. In order
to estimate the depth of the hydrolyzed layer of the membranes, the cross-section view of
the membranes, dyed with Rhodamine 6G (Aldrich), was observed by optical micros-
copy using fluorescent light. The fluorescence of the two dyed layers, was observed but
with different intensities due to the difference in solubility of Rhodamine 6G between the
modified and the unmodified layers. Prior to the observation, the membranes were
treated as follows: Rhodamine 6G was dissolved in a methanol solution containing
25 vol.% of water. The membranes were stored in the solution for 24 h and then were
rinsed until the water was clear. After drying, the dyed membranes were used only for
fluorescence light.

Permeation measurement

The water and oxygen permeabilities of the membranes were measured using two
complementary hygrometric sensors (chilled mirror and capacitative hygrometers)
and an oxymeter analyzer according to the experimental method developed by Marais
et al. [2]. The method and procedure are explained in a previous publication [3]. Oxy-
gen permeabilty is determined from dried samples, so that the permeation measure-
ments (water and oxygen) are performed with the same material but not at the same
state. The difficulty in our permeation process is the fact that to measure very low
fluxes of gases, our permea-diffusiometer (differential permeation) is limited and the
time-lag permeation is then used but is unable to give a specific response for a mix-
ture of gas and water. This is why in this paper the comparison of permeabilities is
given for pure permeants.

DSC experiments

Calorimetric measurements were carried out with a 2920 modulated DSC (Thermal
Analysis instrument) equipped with a low temperature cell (minimal tempera-
ture=—50°C). The temperature was scanned from —50 to 180°C in the standard mode
with a constant heating rate of 5 K min . Calibrations for both the temperature and the
enthalpy were achieved from measurements of melting temperature and enthalpy of in-
dium (7, =156.6°C and AH_=28.45 J g ). The mass of the samples was about 15 mg, en-
capsulated in standard DSC aluminium pans. Experiments were performed under a neu-
tral nitrogen atmosphere. Before experiments, samples were stored in a vacuum
desiccators over P,O, for at least two weeks to avoid moisture sorption effects.

IR spectroscopy

The IR spectra were obtained by using ATR method (Attenuated total reflection), and
by collecting and averaging 32 scans, at a resolution of 4 cm ™.
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Results and discussion

‘Pseudo bi-layer’ membranes

The attenuated total reflection (ATR) spectrum reflects the average surface structure
of the materials in limited depth (1 to 4 um). The ATR method does not give informa-
tion about the total amount of functional groups in the samples. However, this
method permits the comparison between the treated and the untreated surface struc-
tures of the membranes. Figure 1 shows the hydrolysis degree of the hydrolyzed and
untreated surface layers of the membranes. In the EVA membrane, the 1730 cm™'
band was attributed to the carbonyl group due to the vinyl acetate structure. The rela-
tive intensities of carbonyl group normalized with the peak area of the carbonyl group
of EVA membrane, A ;;/A,;gva, are plotted. It can be observed that for the treated
surfaces of the membranes, the relative intensity decreases as the reaction time in-
creases while, for the untreated surfaces, the relative intensity is not changed up to 3 h
of the reaction time, after which, it decreases. This observation indicates that the
EVA layer exists at the untreated side of the membranes for which the reaction time is
less than 3 h, and the membranes treated for more than 4 h have a gradient of hydroly-
sis in all the thickness.
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Fig. 1 Hydrolysis degree of the surface vs. reaction time from ATR-mode FTIR spectra;
® — hydrolyzed and O — non-treated surfaces

The attenuated total reflection (ATR) spectrum and the fluorescent microscopy
confirmed that all the membranes used in this study have two layers [4].

In the EVA membrane, the 1730 cm™' band was attributed to the carbonyl group
due to the vinyl acetate structure. The relative intensities of the carbonyl group for the
untreated surfaces, which are normalized with the peak area of the carbonyl group of
the EVA membrane, A, ;;/A ;;zyva), do not change for the first 3 h of the reaction
time, after which, they decrease. The hydrolyzed layers of the EVA membranes that
are treated from 30 min to 3 h expand from 27 to 80 um with the reaction time [3].

When the reaction time is less than 3 h, no modification is detected on the EVA
layer at the untreated side of the membrane. For those membranes treated for more than
4 h, however, a gradient of hydrolysis across the entire membrane thickness appears.
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Examination of the specimen surface by the ATR spectra and the fluorescent mi-
croscopic reveals that the membranes after unilateral hydrolysis are asymmetric and
are characterized by different depth of hydrolyzed layers and different concentration
of hydroxyl groups.

Dependence of oxygen and water transport properties on the reaction time

We have previously reported that a different tendency of the water permeation through
the pseudo ‘bi-layer’ membranes is observed compared to oxygen permeation [5]. As
shown in Fig. 2, the permeability coefficients for oxygen in the pseudo ‘bi-layer’ mem-
branes decrease with reaction time, while the permeability coefficients for water through
the membranes hydrolyzed for 30 min (P=9.8-10" cm’ (STP) cm cm™” s cmHg ') and
1 h (P=8.9-107 ¢cm’ (STP) cm cm™” s' cmHg ') are slightly greater than that of the
EVA70 membrane (P=8.6-107 cm’ (STP) cm cm” s' cmHg ). These differences are
significant since the measurement accuracy is good (error<4%). After 2 h of treatment,
the water permeability significantly decreases as a function of the reaction time. The per-
meation behavior for small molecules through the membranes can be explained by solu-
tion-diffusion model as follows [5, 6]:

P=DS (1)

The diffusion and solubility coefficients for H,O and O, in the EVA membranes
before and after unilateral hydrolysis are shown in Figs 3 and 4. The diffusion coeffi-
cients were calculated using the time lag ¢, [2, 7]. Dividing P by D gives S. These pa-
rameters for the pseudo ‘bi-layer’ membranes of the different reaction times are ap-
parent values because these membranes are asymmetric in the direction of perme-
ation as mentioned previously.
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Fig. 2 Permeability coefficients for O, and H,O vs. hydrolysis time of EVA membranes

The diffusion coefficients for both water and oxygen permeants in the ‘bi-layer’
membranes decrease with reaction time. The solubility coefficients of oxygen in the
‘bi-layer’ membranes decrease with reaction time while the solubility coefficients of
water increase with reaction time. The hydrolyzed layers in the pseudo ‘bi-layer’
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Fig. 3 Diffusion coefficients for O, and H,O vs. hydrolysis reaction time of EVA membranes
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Fig. 4 Solubility coefficients for O, and H,O vs. hydrolysis reaction time of EVA membranes

membranes contain the hydroxyl group of vinyl alcohol so it must be kept in mind
that each hydroxyl group is bound by inter- and intra-hydrogen bonds.

Structural properties of hydrolyzed EVA membranes

DSC experiments were used to study the influence of hydrolysis reaction time on
EVA70 membrane morphology and to correlate its variation with permeation proper-
ties. Figure 5 shows the results of DSC measurements on all samples (from non-
treated EVA70 to EVA70 hydrolyzed during 16 h).

The enthalpic curve of the non-hydrolyzed sample is characteristic of wholly amor-
phous material and an endothermic step due to the glass transition at 7,=—-20°C can be
observed (7, being defined as the midpoint glass transition temperature). The variation of
heat capacity AC, occurring at the glass transition temperature 7, is defined by

ACp:(CpJ_Cp,g)T:Tg )

where C,, is the specific thermal heat capacity in the liquid-like state and C,, is the ther-
mal heat capacity in the glassy state. AC, is equal to (0.56+0.05) J g K™,
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Fig. 5 DSC curves a — non-treated, b—30 min,c— 1 h,d—2h,e—3h,f—4handg—-16h
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For hydrolyzed samples, DSC experiments show how the structure evolves with
the hydrolysis duration. On the one hand, a constant position of the glass transition
characteristic of amorphous EVA is observed (Fig. 5), and this is followed by a re-
duction in ‘intensity” AC,. On the other hand, an endothermic peak appears (around
130°C) progressively with the hydrolysis duration. This peak corresponds to the
melting of a crystalline phase present in the material. Clearly, the degree of
crystallinity (DoC) increases with the hydrolysis time, and this DoC is proportional to
the melting enthalpy AH_ obtained from the area of the endothermic phenomena ap-
pearing between 0 and 150°C. Melting temperature 7, (at the maximum of the peak),
melting enthalpy AH,, glass transition temperature 7, and heat capacity variation AC,
are reported in Table 1 for all materials.

Table 1 Values of T, AC,, Ty, and AH,, vs. reaction hydrolysis time #,

t/h T,/°C AC/T g 'K T,/°C AH /I g
0 -20 0.56 - 0
0.5 -20.5 0.49 - 4
1 -20.5 0.56 - 2
2 -20 0.37 - 14
3 -19.5 0.34 122 36
4 -19 0.18 122 63

16 - - 135 84

Figure 6 shows the variations of the AC, and AH, with the hydrolysis time #,. Be-
tween 0 and 1 h, there is practically no significant variation of the morphology. It
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seems that the membranes are wholly amorphous in this range of time while hydroxyl
groups are created in the treated layers. This can be linked to the phenomena ob-
served for the permeation properties: no significant change for oxygen permeation
and a maximum value at 30 min for water permeation. Between 1 and 7 h, we ob-
serve, first, a drastic decrease of the AC, value, characterizing a reduction in propor-
tion of amorphous phase, and then vanishing for #,>7 h. This is confirmed by the plot
showing the evolution of AH, with time: a drastic increase of AH_, in the same time
range, is observed. A crystalline phase appears and grows with hydrolysis treatment.
This crystalline phase growing with reaction time can explain the decreasing evolu-
tion of the permeation properties of oxygen and water in EVA70.
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Fig. 6 Plots of melting enthalpy AH,, and heat capacity variation AC, vs. duration of
hydrolysis of the EVA membranes

The results of DSC experiments show that two crystalline phases originating
from both polyethylene and poly(vinyl alcohol) units are reorganized during hydroly-
sis. It is well-known that poly(vinyl alcohol) has a crystalline region stabilized by hy-
drogen bond [8]. These crystalline regions are not observed in the EVA membrane
which is completely amorphous. The oxygen molecules are insoluble in the crystal-
line regions in polymers [9], which means the regions act as impermeable barriers
analogous to filler particles [10]. We conclude that increasing crystallinity reduced
both diffusivity and solubility for oxygen in the ‘pseudo bi-layer’ membranes. In the
case of water, solubility increased with the reaction time though the diffusivity de-
creased. It is thought that the crystalline region originating from polyethylene units is
not destroyed by water molecules but the hydrogen bond between the hydroxyl
groups in the amorphous or crystalline regions can be cut by water penetration. Using
the sorption isotherm of water in the pseudo ‘bi-layer’ membranes, we have previ-
ously found that the concentration of hydroxyl groups increases as the reaction time
rises and the solubility of water and the insufficiently plasticized layers act as an ob-
stacle to the diffusion of water molecules along the hydrogen bond between hydroxyl
groups; this is because of the gradients of water concentration in membranes in the
permeation experiment [5]. When the concentration of the hydroxyl groups is low, it
seems that each hydroxyl group is dispersed in the materials. The increase in the con-
centration of the hydroxyl groups caused the rearrangement of polymer chains be-
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cause of the large difference of polarity between polyethylene and poly(vinyl alco-
hol) units in this study. It is concluded that the hydroxyl groups in isolation easily in-
crease the water solubility and facilitate the plasticization effect, while the aggrega-
tion of the hydroxyl groups such as the crystalline region is not efficient for the en-
hancement of both diffusivity and solubility of water. Consequently, the maximum
water permeability of the EVA membrane treated for 30 min, compared with the
other EVA membranes, is due to the relative increase of its water solubility exceeding
the decrease of its water diffusivity.

In this work, the permeation results are correlated with the cristallinity but not
with the glass transition temperature. Indeed, the very small increase of the 7, values
with the increase of the hydrolysed EV A ratio is not significantly sufficient to be dis-
cussed with the permeametric parameters, knowing that usually the increase of T,
leads to a reduction of the diffusivity. However, to have a better fundamental ap-
proach, it should be interesting to measure the 7, of the final product, i.e. when the
material is plasticizated by water. It is well-known that the plasticization phenome-
non leads to a decrease of the T, that can favour the mobility of the permeant mole-
cules. Concerning the EVA layer, it has been shown that humidity does not affect the
oxygen permeability [11] while this is not the case in the EVOH layer (hydrolysed
part of EVA) because of the plasticization phenomenon.

Conclusions

The selectivity of water to oxygen through unilateral hydrolyzed EVA membranes
have been studied by permeation measurements. Depending on the hydrolysis time, it
was found that the hydrolyzed layers of the ‘bi-layer’ membranes act as an obstacle to
the diffusion and solution of oxygen molecules through the presence of hydrogen
bonds between hydroxyl groups. In the case of the EVA membranes treated for
30 min and 1 h, which have the thinnest hydrolyzed layers, the water permeability is
improved by the interaction between water molecules and hydroxyl groups. The wa-
ter permeabilities of the other ‘bi-layer’ membranes were lower than that of the EVA
membrane. DSC measurements showed the presence of crystalline phases due to
polyethylene and poly(vinyl-alcohol) units which are responsible for the decrease of
D. The unilateral hydrolysis of the EVA membrane allows to control the selectivity of
water to oxygen.
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