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ABSTRACT: The effect of clay concentration on the oxy-
gen permeability and optical properties of a modified poly-
(vinyl alcohol) (PVOH) was studied. Sodium montmorrilo-
nite (MMT-Na™), at a concentration of 10 wt %, was found to
decrease the oxygen permeability of the PVOH below 0.001
cc - mil/m?/day at 55% relative humidity. This low perme-
ability is attributed to the strong interaction between PVOH
and clay, as evidenced by an increase of more than 10°C in
the glass transition temperature at this concentration. Trans-
mission electron microscopy images show the high level of
clay exfoliation that results from the strong affinity to
PVOH. Haze and clarity were optical properties that
changed significantly with increasing clay concentration.

These values were 0.4 and 100%, respectively, in the absence
of clay, but became 80 and 23% with 10 wt % MMT-Na™.
Transmission did not change as considerably, reaching a low
of 73% with a clay concentration of 10 wt %. The ability to
reduce the oxygen permeability of PVOH-based systems at
elevated humidity may prove advantageous for applications
in food and flexible electronics packaging, where moisture
sensitivity currently prevents them from being used. © 2004
Wiley Periodicals, Inc. ] Appl Polym Sci 93: 1102-1109, 2004
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INTRODUCTION

Polymeric films containing some amount of alcohol
functionality, of which poly(vinyl alcohol) (PVOH)
and poly(ethylene-co-vinyl alcohol) (EVOH) are most
common, are known to be excellent barriers to oxygen
under low humidity [< 35% relative humidity (RH)]
conditions."™* This low permeability to oxygen, from
less than 0.001 to nearly 7 cc - mil/m?/day depending
on composition (higher values typically correspond to
less vinyl alcohol content), is attributed to the large
inter- and intramolecular cohesive energy that results
from the highly polar alcohol (-OH) functionality.” As
the relative humidity is increased beyond 35%, these
films show a dramatic increase in oxygen permeability
(POZ).l'P”4 It is this same polar nature of the alcohol
groups that makes these polymers very hydrophilic
and susceptible to plasticization in an elevated humid-
ity environment. As moisture is absorbed at high po-
larity sites, polymer cohesion is weakened, which re-
sults in increased oxygen permeability.>® Other, less
polar, polymers are often used as oxygen barriers (e.g.,
polyacrylonitrile” or polyvinylidene chloride®) due to
their lower susceptibility to moisture, but these mate-
rials also tend to exhibit higher intrinsic oxygen per-
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meability at low humidity (> 1 cc - mil/m? - day).’
Despite the issue of moisture susceptibility, alcohol-
based films are widely used for food packaging appli-
cations.”''!" Organic electronics, whose biggest chal-
lenge is flexible high barrier packaging,'* could also
benefit from these polymers if the issue of moisture
sensitivity was overcome.

There are a variety of techniques used to reduce the
Py, and/or water susceptibility of packaging poly-
mers. Sandwiching the water-sensitive polymer be-
tween relatively hydrophobic layers is one of the most
common methods used to maintain oxygen barrier at
high humidity.*'*>"'> This type of construction, usually
formed via coextrusion, is often used in retortable
food packaging. The outer layers of the sandwich are
comprised of polypropylene, polyethylene, or some
other hydrophobic polymer. For example, EVOH
sandwiched between symmetrical layers of polyethyl-
ene did not exceed its 0% RH oxygen permeability
value (~0.009 cc + mil/m? - day) until the relative
humidity exceeded 80%.'® Without hydrophobic poly-
mer protection, the EVOH film would be expected to
exhibit a permeability beyond its 0% RH value at 60%
RH, when tested at room temperature.” This level of
improvement is modest, but sufficient for many food
packaging applications. More recently, melt blends of
EVOH with polypropylene'’'® or PET' have been
used to create laminar dispersions with relatively low
oxygen permeability. These blended structures have
been able to reduce the Py, of polypropylene by an
order of magnitude (i.e., from 3,634 down to 366 cc -
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Figure 1 Schematic representation of tortuous path that oxygen gas must take to diffuse through clay-filled polymer.
Differences between intercalation and exfoliation are highlighted.

mil/m? - day),'” although this level of permeability is
orders of magnitude greater than EVOH alone.

Increasing polymer crystallinity is another way to
improve oxygen barrier. In general, increasing crystal-
linity results in reduced gas solubility and a more
tortuous path for the diffusing species.”® The oxygen
permeability of PET can be reduced from 250 to 62 cc -
mil/m? - day by increasing its crystalline volume frac-
tion (¢.) from 0.01 to 0.39.*' Permeability values for
EVOH are much lower than for PET, typically 0.095-
1.8 cc * mil/m? - day,” due to a combination of strong
hydrogen bonding and a high level of crystallinity.
Pure PVOH has even lower oxygen permeability than
standard EVOH compositions at 0% RH,* but this
value rises to 25.5 cc + mil/m? - day at 50% RH.*
Crystallinity alone is not sufficient to prevent signifi-
cant degradation of the oxygen barrier of water-solu-
ble polymers at high humidity.

Adding oxygen-impermeable filler to polymers has
a similar effect to increasing crystallinity. Layered sil-
icates (e.g., clay) have been especially effective for
improving polymer gas barrier and a variety of other
properties (e.g.,, modulus, tensile strength, thermal
stability, etc.).”**> Clay minerals have been used in a
variety of polymers to reduce oxygen permeabili-
ty,**7*® along with talc**° and mica.>*”' These plate-
let-type fillers have very large surface areas and high
aspect ratios that allow them to significantly alter the
behavior of the polymer matrix at very low concen-
tration. For example, 2 wt % organomontmorillonite
(MMT) was able to reduce the Py of poly(amic acid)
more than an order of magnitude (from 182.3 to 9.22
cc + mil/m® - day).”® When adequately intercalated
and/or exfoliated, these impermeable platelets serve
to create a microscopic obstacle course, also known as
a “tortuous path” (shown schematically in Fig. 1),%?
that dramatically increases the time necessary for the

oxygen to diffuse through the polymer. Although
there have been some studies involving platelet-type
fillers and water-soluble polymers,>> > the oxygen
permeability of these systems has not been evaluated.

In the present study, the effect of clay concentration on
the oxygen permeability and optical properties of a
PVOH, modified with itaconic acid, is examined. This
polymer (see Fig. 2) was chosen due to its low P
relative to more common PVOH compositions (see Table
I). The addition of sodium montmorrilonite (MMT-Na ™)
was found to dramatically reduce the oxygen permeabil-
ity of this PVOH, referred to as the “terpolymer” due to
its three different repeat units, at 35 and 55% RH. This
improvement in oxygen barrier is accompanied by rea-
sonable transparency, although films with significant
levels of clay (>5 wt %) are very hazy.

EXPERIMENTAL
Materials

Three PVOH powders, containing some amount of
vinyl acetate and/or itaconic acid, were purchased

TABLE I
Oxygen Permeability of Varying Forms
of Poly(vinyl alcohol)

O, Permeability (cc - mil/m*-day)*
0% RH 35% RH 55% RH 90% RH

PVOH Thickness
(wt %) (um)

87-89 6 0.130 0.721 6.024
99 6 0.020 0.040 5.906
97> 6 <0.001¢ 0.006 0.021 5.693

@ Permeability is the product of film thickness and oxygen
transmission rate (OTR) measured at 23°C.

b The terpolymer contains 97 wt % vinyl alcohol, 2 wt %
vinyl acetate, and 1 wt % itaconic acid.

¢ The MOCON instrument has an OTR sensitivity limit of
0.005 cc/m? - day.
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Figure 2 Chemical structure of poly(vinyl alcohol-co-vinyl
acetate-co-itaconic acid), shown in order from left to right.
The values for x, y, and z are 97, 2, and 1, respectively.

from Aldrich (Milwaukee, WI). Two of these powders
are traditional copolymers with vinyl acetate having
degrees of hydrolysis of 87-89% and 99%, respec-
tively. Both of these polymers had a M,, of 85,000—
146,000 g/mol. The third polymer, referred to as the
terpolymer or modified PVOH, contained itaconic
acid along with vinyl alcohol and vinyl acetate. The
M,, of this terpolymer is 4,300-4,400 g/mol and its
chemical structure is shown in Figure 2. Cloisite Na™,
a natural MMT clay, was purchased from Southern
Clay Products (Gonzales, TX). MMT has a monoclinic
structure with the formula Nag33(AlMg),5i,0,0(OH),
-nH,O and a density of 2.86 g/cm? (Fig. 3). Most of the
MMT platelets are 2-13 um in length and 1 nm in
thickness, although several sheets are often bunched
together to give a thickness of several nanometers.

Composite film preparation

Aqueous polymer solutions containing 10 wt % of a
given PVOH were prepared by adding 10 g of poly-
mer powder to 90 g of deionized water. This mixture
was then simultaneously stirred and heated at 60°C
until the polymer was completely dissolved. Clay was
slowly added to this aqueous mixture as the polymer
was dissolving. Higher clay concentrations required
longer time periods to achieve exfoliation. Typical
mixtures were stirred 4—8 h with heat and then left to
stir overnight at room temperature. In some cases a
mixture had to be placed on a roller for an additional
24 h to completely disperse aggregated clay. Once
adequately mixed, the liquid precomposites were
coated onto 2-mil (50.8 um) PET substrates using the
4-mil opening of a Byrd bar, purchased from Paul N.
Gardner (Pompano Beach, FL). The wet coatings were
dried at 70°C for 30 min to achieve a final dry thick-
ness of 6 um.

Instrumental analysis

Dry composite microstructures were imaged using a
JEOL CXII TEM. Glass transition temperatures (T,)
were obtained for each composite using a Shimadzu
DSC-50 (Kyoto, Japan). The temperature was in-
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creased at a rate of 10°C/min for this analysis, starting
at 25°C. Haze and clarity of the composite films were
evaluated using a BYK-Gardner haze-gard plus in-
strument (Columbia, MD). The haze measurement
provides the amount of wide-angle scattering, which
is the percentage of light that deviates from the inci-
dent beam by more than 2.5° as specified by ASTM
D1003. Clarity provides a measure of small-angle (<
2.5°) scattering and conforms to ASTM D1746. Films
that have a large haze value (> 10%) tend to have a
milky appearance, while low clarity values tend to
make objects appear distorted or unclear. Visible light
transmission for each terpolymer-based film was eval-
uated using a wQuant UV-Vis instrument made by
Bio-Tek (Winooski, VT). The oxygen transmission rate
(OTR), used to obtain permeability when normalized
by thickness, of PVOH-based films were measured
using a MOCON OX-TRAN 2/20 instrument (Minne-
apolis, MN) that conforms to ASTM F1927.

RESULTS AND DISCUSSION
Composite microstructure

The quality of oxygen barrier for a clay-filled compos-
ite is largely determined by the extent to which the
clay platelets are dispersed in the polymer matrix. For
a given concentration of platelet-type filler, the rela-
tive permeability (Pcomposite/ Ppolymer) decreases as the
ratio of platelet length to thickness increases.”**”*%%
This behavior is the result of an increasingly tortuous
path for oxygen as the clay sheets become more com-
pletely delaminated (i.e., exfoliated), as shown in Fig-
ure 1. Figure 4 shows TEM images of the terpolymer
(see structure in Fig. 2) filled with 1 and 10 wt %
MMT-Na*. At low magnification [Figs. 4(a) and (c)], it

~1 nm

Figure 3 Monoclinic crystal structure of MMT-Na™ clay
(modified from www.apchem.nagoya-u.ac.jp/ketuzai/english/
study-e.html)
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Figure 4 TEM micrographs of the terpolymer filled with 1 wt % (a and b) and 10 wt % (c and d) MMT-Na™". (a) 0.4 in = 1.26
um; (b) 0.4 in = 505 nm; (c) 0.4 in = 1.26 um; (d) 0.4 in = 150 nm.

is apparent that the clay exists in varying states of
dispersion for both concentrations. The darkest aggre-
gates seen in these micrographs consist of platelets
whose galleries, between individual sheets, are only

slightly swollen with polymer. One of these aggre-
gates is shown at high magnification in Figure 4(d),
where the closely packed parallel sheets can be dis-
cerned. This condition is referred to as intercalation,
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Figure 5 Effect of clay concentration on the glass transition
temperature of the terpolymer.

whereas exfoliation refers to clay platelets that are
completely separated from one another with no ap-
parent stacking arrangement (difference shown sche-
matically in Fig. 1).>® Complete exfoliation of clay in a
polymer is very rare and the level of dispersion shown
here is very comparable to other well-mixed, clay-
filled systems.”**® The higher magnification images
[Figs. 4(b) and (d)] show a number of highly exfoliated
sheets, seen as very thin lines pointing in all direc-
tions. This level of dispersion suggests strong interac-
tion between the terpolymer and clay.

Another evidence of the strong interaction between
polymer and clay is the increase in glass transition
temperature observed with increasing clay concentra-
tion, shown in Figure 5. The terpolymer has a T, of
85.7°C in the absence of clay, which is in close agree-
ment with that reported for unmodified PVOH.*® The
terpolymer T, rises to 88.3°C with the addition of only
1 wt % MMT-Na™. This increase in T, is due to the
adsorption energy created between polymer and filler
that must be overcome prior to polymer softening. The
magnitude of the glass transition temperature increase
has been attributed to the level of polymerfiller in-
teraction and normalized surface area of the filler.”
MMT platelets have a very large surface area covered
with electronegative oxygen and hydroxide species
(see Fig. 3) that immobilize PVOH, which has a strong
tendency to hydrogen bond to itself and to other spe-
cies containing highly electronegative substituents.*’
Additional clay produces a further increase in the
glass transition temperature, but the magnitude of this
effect diminishes with increasing clay concentration.
In general, a higher degree of aggregation accompa-
nies an increased clay concentration,*® which results in
a reduced effective surface area per unit concentration
and less polymer—clay interaction.
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Oxygen permeability

A PVOH containing 1 wt % itaconic acid (i.e., the
terpolymer) was chosen as the composite matrix in
this study due to its low intrinsic oxygen permeability
relative to unmodified forms of PVOH (see Table 1).
The terpolymer permeability is shown, relative to the
two most common forms of PVOH with 87-89 and
99% hydrolysis, in Figure 6. At 0% RH, the terpolymer
has a permeability below the detection limit of the
measurement instrument, which suggests it is more
than an order of magnitude lower than 99% hydro-
lyzed PVOH. This superior barrier behavior is likely
due to a combination of low molecular weight, which
typically enhances crystallinity, and stronger hydro-
gen bonding supplied by carboxylic acid groups on
each itaconic acid unit. Poly(acrylic acid) has a higher
density (p = 1.41 g/cm?®*" and surface energy (y = 67
m]J/m?)** than PVOH (p = 1.33 g/cm® and y = 62.4
mJ/m?),** suggesting that-COOH functionality ex-
hibits stronger H-bonding than-OH. At 55% RH, the
permeability difference between the terpolymer and
fully hydrolyzed PVOH is much smaller. The same
factors that give the terpolymer such a low permeabil-
ity at 0% RH (low molecular weight and stronger
H-bonding) also increase its water susceptibility at
elevated humidity. PVOH with 87-89% hydrolysis
has an oxygen permeability that is nearly an order of
magnitude greater than its fully hydrolyzed counter-
part at both levels of humidity. It is the increased vinyl
acetate content accompanying lower levels of hydro-
lysis that creates reduced hydrogen bonding, without

Terpolymer 99% 87 - 89% PVOH

0.5 p

Log P (cc mil/m® day)

E0%RH
O55%RH

Figure 6 Comparison of oxygen permeability (P, for the
terpolymer and two forms of PVOH, one with 99% and the
other with 87-89% hydrolysis. Measurements were per-
formed on 6-pum films on 2-mil PET at 23°C. At 0% RH, the
terpolymer permeability cannot be detected, but is shown as
the lowest detectable value (0.001 cc + mil/m? - day) and
denoted with a downward arrow (| ).
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Figure 7 Oxygen permeability as a function of clay con-
centration for the terpolymer (see Fig. 2) at 35 (O) and 55%
RH (®). Two data points are marked with downward ar-
rows (| ) to indicate undetectable OTR, which suggests that
P,, < 0.001 cc - mil/m* - day.

significantly decreasing water susceptibility due to
lack of interaction between polymer chains.' The ad-
dition of clay, which is impermeable to oxygen and
relatively water insensitive, is one method that ap-
pears to improve barrier behavior at elevated humid-
ity.

Figure 7 shows oxygen permeability as a function of
clay concentration for the terpolymer. At 55% RH, the
Po, initially increases with clay concentration, reach-
ing a peak at 3 wt %. It is not until 10 wt % that the
oxygen permeability is less than that of the terpolymer
alone. The addition of clay to the terpolymer disrupts
crystallinity and occupies hydroxyl groups that would
normally be involved in hydrogen bonding with oxy-
gen. When the concentration of clay is very low, the
benefit of the tortuous path (see Fig. 1) cannot out-
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weigh these adverse factors. At concentrations beyond
10 wt %, the tortuous path is very extensive and
becomes the dominant factor controlling permeability.
This can be seen visually when comparing Figures 4(a)
and (c) with 1 and 10 wt % clay, respectively. In Fig.
4(a) there are relatively large areas containing no clay,
but the distribution of platelets is much more dense
and homogeneous in Figure 4(c). There is no possible
way to draw a straight line through Figure 4(c) with-
out intersecting numerous clay particles. At 35% RH
the benefit of clay is realized at only 1 wt % and
oxygen permeability can no longer be detected at 3 wt
%, as shown in Table II.

Optical behavior

Table II summarizes the optical behavior of the clay-
filled terpolymer films. The modified PVOH is com-
pletely transparent in the absence of clay (it actually
has a transmission greater than 100% due to the pla-
narizing effect it has on its PET substrate). As the
concentration of clay is increased to 10 wt %, the
transmission [shown graphically in Fig. 8(a)] de-
creases nearly linearly to less than 75%. This level of
degradation in transparency is comparable to that ob-
served in other MMT-filled polymers***® and is attrib-
uted to incomplete exfoliation of platelets and their
random orientation. Clarity exhibits a much more neg-
ative linear trend with clay concentration [Fig. 8(b)],
changing from nearly 100% without clay to 23% at 10
wt %. Greater clay concentration results in a rougher
surface and more internal sites for light scattering.
These factors have a dramatic effect on the narrow-
angle scattering that clarity evaluates and results in a
significant loss of resolution (i.e., sharpness of detail)
despite maintaining relatively high transparency.
Haze, which is a measure of wide-angle scattering,
shows a sharply positive change as clay is increased
[Fig. 8(c)]. When haze becomes greater than 10%,

TABLE 1II
Oxygen Permeability and Optical Properties of the Clay-Filled Terpolymer

O, Permeability (cc * mil/

m? - day)?
35% 55%

Clay (wt %) Thickness (wm) RH RH Haze (%) Clarity (%) % TP
0 6 0.006 0.021 0.44 99.7 101.2

1 6 0.005 0.033 149 86.7 97.2

3 6 <0.001¢ 0.080 459 62.1 93.9

5 6 0.034 53.0 54.7 82.9

10 6 0.017 79.6 23.1 72.7

20 6 <0.001¢ 70.4 26.5 73.6

@ Permeability is the product of film thickness and oxygen transmission rate (OTR) measured at 23°C.
b o4, Transmission was measured at 550 nm, but the values are within 2% of those at 400 and 700 nm.
€ % Transmission is slightly greater than 100 due to planarizing effect of terpolymer on 2-mil PET.

9 The MOCON instrument has an OTR sensitivity limit of 0.005 cc/m? - day.
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Figure 8 Transmission (a), clarity (b), and haze (c) as a
function of clay concentration within the terpolymer (see
Fig. 2).

cloudiness can be observed visually. At a level of 80%,
achieved with 10 wt % clay, the film is very milky in
appearance. Better overall optical behavior could po-
tentially be achieved through more complete exfolia-
tion and alignment of the clay.

CONCLUSION

Adding clay to PVOH is an effective method of reduc-
ing oxygen permeability at least up to 55% RH. At 35%
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RH, this modified PVOH had an oxygen permeability
of 0.006 cc - mil/m? - day in the absence of clay, but
permeability was undetectable (< 0.001 cc * mil/ m?
- day) with the addition of only 3 wt %. When the
relative humidity was raised to 55%, 10 wt % clay was
required to achieve an undetectable permeability, al-
though this was more than an order of magnitude
decrease from the value without clay (0.021 cc * mil/
m” - day). An increasing glass transition temperature
with clay concentration demonstrated the strong in-
teraction with the PVOH, which allowed the clay to
become highly exfoliated. The large surface area of
these clay platelets served to occupy many of the
PVOH hydroxyl groups that contribute to water sen-
sitivity. At the same time the platelets are imperme-
able to oxygen and act as barriers that create a much
longer diffusion path for oxygen through the compos-
ite film. One side effect of increasing clay concentra-
tion is the degradation of polymer transparency. In the
absence of clay, PVOH has a % transmission around
100 and haze is <1%, but with 10 wt % clay these
values become approximately 73 and 80%, respec-
tively. Other techniques to reduce PVOH water sus-
ceptibility without affecting transparency, such as
crosslinking, would not be capable of simultaneously
reducing oxygen permeability. It is possible that
crosslinking clay-filled PVOH may decrease perme-
ability at 90% RH, where clay alone shows no benefit.
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