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Abstract Ten different polymers were selected as possible
matrices for zeolite-containing desiccant composites utilized
in the preparation of functional packaging materials. Water
uptake was determined at 100 % RH and the results were
analyzed to identify factors influencing the capacity and rate
of water adsorption. The results showed that the desiccant was
able to adsorb a considerable amount of water in its free pores.
The adsorption capacities of the composites depended linearly
on the amount of desiccant present in the composite, but were
independent of the type of polymer used. Water initially
diffused rapidly into the composites, but this diffusion slowed
over time and also with increasing desiccant content. The
latter effect can be explained by the increase in the diffusion
path as the zeolite content increases. The initial rate of diffu-
sion depended solely on the specific free volume of the matrix,
and this factor also strongly influenced the overall rate of
water adsorption. However, the latter characteristic also
depended on other factors, such as the dispersion of the
desiccant in the matrix. Matrix type and zeolite content must
be selected according to the task to be fulfilled; fast adsorption
can only be achieved by using polymers with large free
volumes.
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Introduction

Plastic packaging materials form an important part of the
economy and our everyday life. They fulfill numerous func-
tions, such as making it possible to safely distribute products,
protecting them from the environment, and informing the
customer [1, 2]. However, the ever-increasing demands of
consumers have resulted in new packaging solutions, includ-
ing functional and smart packaging materials [3–6]. The latter
respond to changes in the environment, while the former
fulfills some function that improves the performance of the
packaging. The number of these materials is increasing rapid-
ly, and they are already used in everyday life. The main
functions targeted for functional packaging materials are oxy-
gen scavenging [7–9], humidity control [10–14], regulating
ethylene content [15], exerting an antimicrobial effect [16–19],
adsorbing odorous materials, or the opposite—releasing desir-
able aromas [20, 21]. Intensive research and development
work is carried out on these materials all over the world, but
mostly in industry.

Controlling the humidity of packaged wares is extremely
important in several areas. For several hundred years, the
quality of food has been preserved by drying it out, but
moisture control has recently become very important in the
pharmaceutical and electronic industries as well. Controlling
moisture content is important in food packaging [10–12],
while maintaining dry conditions is usually a requirement of
packaging for pharmaceuticals [13, 14, 22] and electronics
[23]. Water present in the atmosphere must be captured in the
latter case, which is done by either adsorbing or absorbing the
water [24]. Commonly used absorbents are calcium sulfate
(CaSO4) [25], calcium chloride (CaCl2) [26], and calcium
oxide (CaO) [27]. These materials absorb water by binding
it as crystal water or reacting with it chemically to form a new
compound. Adsorbents are able to bind a considerable amount
of water at their very large, high-energy surfaces. Active
carbon [28], silica gel [29], clays [30], and zeolites [31] are
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often used for this purpose, with the most common of these
materials being silica gel [32] and zeolite [33]. The desiccant
can be added to the packaged ware in a semipermeable
satchet or incorporated into the packaging material [4].
Intensive research is carried out to develop new desic-
cants, including hybrid (adsorbent/absorbent) materials
[26, 34, 35], natural polymers (starch, cellulose deriva-
tives) [36, 37], and superabsorbent gels (acrylates, cel-
lulose compounds) [38–41].

In spite of the social and economical importance of active
packaging materials that control humidity, very little system-
atic work on these materials has been reported in the literature,
at least to our knowledge. Pehlivan et al. [33] studied the water
adsorption of polypropylene (PP)/zeolite composites. They
prepared their samples by compression molding from pow-
ders, and, before preparing the composite, they modified the
surface of the desiccant with polyethylene glycol (PEG). Their
results were rather controversial, as theymeasured significant-
ly different adsorption capacities when they performed water
immersion compared to those measured in an atmosphere of
100 % RH (absorption capacities of 13.5 and 24.5 %, respec-
tively), and similar differences were observed in the rate of
adsorption as well. Mathiowitz at al. [32] also studied PP
composites containing zeolite treated with PEG and compared
them to silica gel. Although the ideology of that study empha-
sized the synergetic effect of PEG and zeolite on water uptake,
they paid much more attention to the preparation of the
composites than to the analysis of their results. The few results
they reported are, again, controversial: the main conclusions
of the authors were that desiccant composites bind water and
that composites prepared with zeolite are more efficient
than those containing silica gel. The most important
parameters for these functional packaging materials—
adsorption rate and capacity—are difficult to extract
from these papers, and the reliability of the results
reported is questionable. Moreover, we cannot learn
much about the factors that influence these parameters
and ways to control them from those reports.

As a consequence, the goal of our study was to carry out
systematic experiments with desiccant composites prepared
with a selected zeolite and to determine the effect of desiccant
content and the properties of the matrix polymer on the rate
and capacity of water adsorption. Ten different polymers were
selected for the study, and desiccant content was varied across
a wide range from 0 to 50 vol.%.

Experimental

Polymers with various chemical compositions and mechanical
and rheological properties were selected for the study, in order
to cover a wide range of properties that are important for
fulfilling the function of the material. A low-density (LDPE,

Tipelin® FA 24451, TVK, Tiszaújváros, Hungary) and a high-
density (HDPE, Tipelin® BA 55013, TVK) polyethylene, a
polypropylene (PP, Tipolen® H 649 F, TVK), a polystyrene
homopolymer (PS, Styron® 686 E, Dow, Midland, MI, USA),
two high-impact polystyrenes (HIPS1, Styron® 485, HIPS2,
Styron® 1175, Dow), a styrene-acrylonitrile copolymer (SAN,
Tyril® 880, Dow), a polycarbonate (PC, Macrolon® 2658,
Bayer, Leverkusen, Germany), a poly(methyl methacrylate)
(PMMA, Ortoglas® HFI 7, Arkema, Colombes, France), and a
poly(vinyl chloride) (PVC) compound based on the Ongrovil®

S 5258 suspension grade powder of BorsodChem
(Kazincbarcika, Hungary) were used as matrix polymers. A
5A-type zeolite was selected as desiccant (Luoyang Jianlong
Chem. Ind. Co., Yanshi, China); we characterized several
synthetic zeolites in the study, and found that this grade has
the largest water adsorption capacity. The average particle size
of the desiccant was 4.5 μm, its density was 1.66 g/cm3, and
its specific surface area was 533 g/m2, as determined by
nitrogen adsorption (BET). The theoretical pore diameter of
this zeolite was 4.3 Å.

Before composite preparation, the zeolite was dried at
300 °C for 16 h in a vacuum. The components were homog-
enized in a Brabender (Duisburg, Germany) W50 EH internal
mixer attached to a Haake (Thermo Scientific, Waltham, MA,
USA) Rheocord EU 10 V driving unit at 190 °C for 10 min,
except for PC, for which the mixing was done at 240 °C. One-
millimeter-thick plates and 100-μm-thick films were compres-
sion molded from the homogenized material at 190 or 240 °C
using a Fontijne (Vlaardingen, Netherlands) SRA 100 labora-
tory machine for further studies. The zeolite contents of the
composites varied between 0 and 50 vol.%.

Themolecular weights of the polymers were determined by
gel permeation chromatography in THF or TCB, respectively,
using polystyrene standards. Density was measured using a
pycnometer at room temperature. The water vapor transmis-
sion rates (WVTRs) of the polymers were determined using
the 100-μm-thick films and a Mocon (Minneapolis, MN,
USA) Permatran W1A apparatus. Results were calculated
for a thickness of 20 μm according to industrial practice.
The water adsorptions of the zeolite and the composites were
determined by measuring the weights of 20×20×1 mm spec-
imens under an atmosphere of 100%RH as a function of time.
The zeolite contents of the composites were checked via
thermal gravimetry (TGA). Fifteen-milligram samples were
heated to 650 °C at a rate of 80 °C/min in oxygen and
maintained at that temperature for 5 min to burn off the
polymer.

Results and discussion

The results are presented in several sections. First, the water
adsorptions of the zeolite and the composites are shown
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together with the approaches used to quantitatively determine
adsorption characteristics. Factors influencing the latter are
subsequently discussed, and finally the analysis of the diffu-
sion process is presented and general correlations are
established between matrix properties and adsorption rate.
Practical consequences are briefly addressed at the end of
the section.

Water adsorption

The rate and amount of water adsorbed by a desiccant
composite are determined by the characteristics of the
components. Previous studies in this research area have
shown that the capacities of composites are much larger
than those of matrix polymers, and increase with desic-
cant content [32, 33]. Much less reliable information is
available on adsorption rates, and the contributions of
the components have not been clearly defined yet [33].
The water adsorption isotherm for the 5A-grade zeolite
used in the study is shown in Fig. 1. Adsorption is
relatively fast, and the desiccant adsorbs 23.8 % of its
weight in water. We regard this value as the theoretical
capacity of the zeolite under our conditions. The claim
that water adsorption is fast is difficult to judge from
the isotherm presented in Fig. 1. However, as results
will show later, equilibrium adsorption is reached after
much longer times in composites than in the zeolite.

The water uptake of polycarbonate composites is presented
in Fig. 2 as a function of time and zeolite content. We can see
the much slower rate of adsorption mentioned above, and also
that maximum adsorption is more or less proportional to the
zeolite content of the composite. Similar adsorption isotherms
were recorded for the composites prepared from the other
polymers as well. During the quantitative evaluations, we

assumed Fickian adsorption, and the equation (derived from
Fick's second law [42])

Mt ¼ M∞ 1−
8

π2
X

m¼0

∞ 1

2 mþ 1ð Þ2 exp −
D 2 mþ 1ð Þ2π2 t
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 ! !
ð1Þ

was solved for m =2 to obtain the following correlation:

Mt ¼ M∞ 1−
8

π2
exp −a tð Þ þ 1
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which was fitted to the experimental data. In these equations,
Mt is the time-dependent increase in weight, M∞ is the final
uptake of water achieved after infinite time, L is the thickness
of the sample, t is the time of adsorption, and a (s−1) is a
constant characterizing the overall rate of water adsorption.
The solid lines in Figs. 1 and 2 are the fitted correlations. It is
obvious from the agreement between the measured and cal-
culated values that water adsorption is described by Fickian
diffusion reasonably well.

In order to compare the effects of using different types of
polymer used as the matrix material, adsorption isotherms were
plotted as a function of time (see Fig. 3) for three polymers and
two different zeolite contents. Fitted correlations are presented in
this figure as well. Comparison of the results obtained for the three
polymers shows that the adsorption capacity of the composite
depends mainly on the amount of desiccant present and only
slightly on the type of the polymer used as the matrix. On the
other hand, the rate of adsorption, as indicated by the initial slope
of the adsorption isotherm, depends on the properties of the
polymer and, to a much lesser extent, on the amount of desiccant
added. Since both adsorption capacity and the rate of adsorption
are important from a practical perspective, quantitative analysis
must be carried out in order to analyze the factors that influence
them. One way to do this is to fit Eq. 2 to the experimental results.
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Fig. 1 Water adsorption isotherm of the 5A-grade zeolite used in the
study
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Fig. 2 Water adsorption of polycarbonate composites with various zeo-
lite contents of 10–50 vol.%
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Adsorption capacity can be estimated quite accurately by extrap-
olating the water uptake, i.e., M∞, while the overall rate of
adsorption can be characterized by the parameter a.

However, the initial rate of adsorption differs considerably
from the overall rate, and none of the current theories can
describe both equally accurately. A common method of char-
acterizing the initial rate of adsorption is to fit another form of
Fick's law [42] to the experimental results,

Mt

M∞
¼ 4

D t

L2

� �1=2

π−1=2 þ 2
X

m¼0

∞

−1ð Þmierfc m L

2 D tð Þ1=2
 !

; ð3Þ

where D is the diffusion coefficient. If we plot the water
uptake as a function of the square root of time, we should
obtain a straight line, the slope of which, b (s−1/2), is propor-
tional to the initial rate of water adsorption. Equation 3 was
fitted to the water adsorption of each composite; Fig. 4 shows

the results for three PP composites. Again, reasonable fits
were obtained, meaning that the initial rate of adsorption can
be determined in this way. Figure 4 also shows that the initial
rate of water adsorption increases with zeolite content.

Factors

The results shown in the previous section show qualitatively
that the water adsorption capacities of desiccant composites
depend mainly on their zeolite contents, while the type and
characteristics of the polymer are much greater influences
on the rate of adsorption. In order to identify the cor-
relations and the effects of these factors much more
clearly, we plotted maximum water uptake against zeo-
lite content for three polymers in Fig. 5. According to
the figure, adsorption increases with zeolite content
linearly for all three polymers, and it is completely inde-
pendent of the type of polymer used as the matrix. Very
similar correlations were obtained for all of the polymers used
as matrix materials in this study.

The effects of the polymer’s characteristics on the rate of
water adsorption are much more complicated. The initial rate
of adsorption is plotted against zeolite content in Fig. 6 for the
same three polymers as in Fig. 5. The PC composites show the
fastest adsorption rates, while they are much slower for PVC
and (especially) HDPE. These relationships are more or less
visible in Fig. 3, but calculating and plotting the parameter b
against the zeolite content shows themmuch more clearly. We
should also note that the increase in the rate of adsorption
slows with increasing desiccant content in PC, while it accel-
erates slightly in PE. The inherent properties of the polymer
obviously influence water adsorption strongly, but the domi-
nant property cannot be identified from these results. We
should also call attention to the fact that the rate of water

0 1000 2000 3000 4000 5000
0

4

8

12

16

20

W
at

er
 a

ds
or

pt
io

n,
 M

t (
%

)

Time (h)

50 vol%

20 vol%

Fig. 3 Effects of polymer type and zeolite content on the water adsorp-
tion of various desiccant composites (squares HDPE, circles PVC,
triangles PC)
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adsorption is at least one or two order of magnitudes faster for
the neat zeolite (b =0.16 s−1/2) than for the composites.

Evenmore surprising are the effects of these parameters, or,
more exactly, the effect of the zeolite content, on the overall
rate of water adsorption (a ), as shown by Fig. 7. The overall
rates are of the same order of magnitude as the initial rates, and
the relative order of the composites is also the same, i.e.,
adsorption is fastest in PC and slowest in HDPE, but the rate
of water uptake decreases with increasing zeolite content
instead of increasing. The range of adsorption rates observed
for the polymers is also larger: water adsorption is very slow in
PVC and HDPE but much faster in PC. The rates of water
adsorption lie between the values presented in Figs. 6 and 7
for the other polymers as well. Although the comparison of
Figs. 6 and 7 calls our attention to the importance of deter-
mining both the initial and the overall rates of water

adsorption, it does not explain why they differ; further analy-
sis is needed to explain the phenomenon.

Discussion

The permeation of substances through polymers is an impor-
tant phenomenon in many application areas, including pack-
aging. In studies related to gas (especially oxygen) diffusion,
the free volume of the polymer was found to be the most
important characteristic determining permeation. The frac-
tional free volume (v ff) is the ratio of the free volume to the
specific molar volume (v ) of the polymer, i.e.,

vff ¼ v−v0
v

; ð4Þ

where v0 is the occupied volume. The occupied volume can be
determined by the method of Bondi [43] from the van der
Waals volume (vW) of the polymer, v 0=1.3vW. Both the
specific molar volume and the van derWaals volume are listed
by van Krevelen and te Nijenhuis [44] in their book. Often,
not the fractional free volume but the specific free volume, v sf,
is used to characterize polymers. This is the fractional free
volume related to the molecular weight of the repeat unit (M ),
i.e., v sf=v ff/M . Cohen and Turnbull [45] applied the free
volume theory of Doolitle [46] to describe diffusion in poly-
mers:

D ¼ C exp−
γv*

v f
; ð5Þ

where C and γ are constants and v* is the free volume needed
for diffusion. Fujita [47] expressed the mobility of the diffus-
ing gas (Mp) using the approach

M p ¼ A exp −
B

vsf

� �
; ð6Þ

where A and B are constants that are independent of the
concentration of the diffusing gas. Mobility is related to the
permeability,

P ¼ D S ¼ S R T exp −
B

vsf

� �
; ð7Þ

where S is the solubility of the diffusing matter in the matrix.
We can see from Eq. 7 that if we plot permeability against the
natural logarithm of v sf, we should obtain a linear correlation
with a negative slope. Lee [48] determined the permeability of
oxygen through various polymers and did indeed obtain a
very good correlation between permeation and v sf. Free vol-
ume can be calculated as indicated above or can be determined
by positron annihilation spectroscopy [49]. However, the lat-
ter approach is difficult or even impossible to use for certain

0 10 20 30 40 50 60 70
0.000

0.005

0.010

0.015

0.020

R
at

e 
of

 w
at

er
 a

bs
or

pt
io

n,
 b

 (
1/

s1/
2 )

Zeolite content (wt%)

PC

PVC

HDPE

Fig. 6 Influences of the type of polymer used as the matrix (either
HDPE, PVC, or PC) and the zeolite content on the initial rates of water
adsorption (b) by desiccant composites

0 10 20 30 40 50 60 70
0.00

0.01

0.02

0.03

R
at

e 
of

 w
at

er
 a

ds
or

pt
io

n,
 a

 (
1/

s)

Zeolite content (wt%)

Fig. 7 Overall rate of water adsorption (a) plotted against zeolite content
for desiccant composites prepared with different matrices (squares
HDPE, circles PVC, triangles PC)

J Polym Res (2013) 20:294 Page 5 of 8, 294



polymers; for example, chlorine or nitrile groups hinder the
formation of ortho-positrons.

We used the approach presented above to analyze the
effects of polymer characteristics on the water adsorption of
desiccant composites. First, we calculated the specific free
volumes of our polymers from data listed by van Krevelen
and te Nijenhuis [44]. For copolymers (HIPS, SAN), we
calculated average values based on their compositions.
Weight averages were used in the calculation. Crystallinity
was also taken into account, since diffusion occurs only in the
amorphous phase in such polymers. Calculated specific free
volumes are listed in the last column of Table 1.

In order to check this approach, we first plotted the loga-
rithm of the water vapor transmission rate (WVTR) against
the reciprocal value of v sf for the neat polymers (Fig. 8). The

correlation was surprisingly good: a straight line with a neg-
ative slope was obtained, as predicted by theory, and the
deviations of the individual points from the line are very small.
We can safely conclude that the approach can also be applied
in our case, and the permeation of water through all of the
polymers used as matrices in desiccant composites is deter-
mined by their free volumes. Subsequently, we plotted the rate
of adsorption values (a and b ) of the composites against v sf in
the same way. Figure 9 shows the initial rates plotted in this
way for composites containing 30 vol.% zeolite. A very good
linear correlation is observed again, albeit with somewhat
larger—but not very large—deviations. We can conclude that
the initial rate of adsorption is determined mainly by the free
volume of the polymer. Similar correlations were obtained for
other zeolite contents as well, as well as for the values of the
overall adsorption rate, although deviations from the straight
line were larger in the latter case. Nevertheless, the tendency

Table 1 Characteristics of the polymers used in the study

Polymer MFR (g/10 min) at Mn (g/mol) Mw/Mn Density (g/cm3) WVTR (g 20 μm/m2/24 h) Free volume vsf (cm
3)

Value Conditions

LDPE 0.28 190 °C, 2.16 kg 17160 6.89 0.92 15.2 0.110

HDPE 0.35 190 °C, 2.16 kg 18620 6.57 0.96 3.6 0.088

PP 2.50 230 °C, 2.16 kg 92620 4.84 0.90 6.4 0.092

PS 2.50 200 °C, 5 kg 127970 2.44 1.04 138.3 0.166

HIPS1 12.00 200 °C, 5 kg 77525 2.68 1.02 111.7 0.167

HIPS2 2.80 200 °C, 5 kg 95840 2.54 1.04 100.8 0.168

SAN 3.50 230 °C, 3.8 kg 75510 2.39 1.07 169.3 0.161

PC 13.00 300 °C, 1.2 kg 24730 2.07 1.20 105.7 0.149

PMMA 11.00 230 °C, 3.8 kg 43470 1.88 1.16 140.7 0.135

PVC – – 55270 2.41 1.44 25.7 0.128
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was always the same, proving that diffusion through the
matrix determines both the initial and the overall rates of water
adsorption in desiccant composites.

Only one question remains: why do the initial and the
overall rates of water adsorption show different dependences
on composition? The adsorptions of all of the composites are
much slower than that of the neat zeolite, and one would
expect that diffusion is determined by the diffusion rate of
the polymer. This expectation is fulfilled for the initial but not
for the overall rate of adsorption. Obviously, diffusion slows
down with increasing desiccant content as time passes in the
latter case. Although water adsorption is claimed to proceed in
three steps and slow down over time for the neat zeolite [50],
this stepwise diffusion cannot cause the effect observed in the
composites, since the overall rate for the zeolite is at least one
order of magnitude larger than those for the composites. The
only reasonable explanation is that the diffusion path increases
with increasing desiccant content. Fillers were shown to slow
down diffusion through composites because of increasing
path tortuosity [51]. Diffusion occurs from the edges, so
particles located there are filled with water fast. Thus, diffu-
sion proceeds through the polymer and water molecules must
move around particles saturated with water. The effect is
obviously much greater for polymers in which diffusion is
fast (PC) than in polyolefins in which it is very slow.

Conclusions

This study of polymer/zeolite desiccant composites prepared
with ten different matrices showed that the desiccant can
adsorb a considerable amount of water in its free pores. The
adsorption capacity of the composite depends linearly on the
amount of desiccant present, but is independent of the type of
polymer used. The diffusion of water into the composites is
fast initially, but slows down over time and also with increas-
ing desiccant content. The latter effect can be explained by the
increase in the diffusion path as the zeolite content increases.
The initial rate of diffusion depends only on the specific free
volume of the matrix, and this factor also strongly influences
the overall rate of water adsorption. However, the overall rate
of water adsorption also depends on other factors, such as the
dispersion of the desiccant in the matrix. The matrix type and
zeolite content must be selected according to the task to be
fulfilled; fast adsorption can only be achieved by using poly-
mers with large free volumes.
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Desiccant composites were prepared from a polystyrene
homopolymer (PS) and a high impact copolymer (HIPS).
Five zeolites were used as adsorbents, which included
the A and X types frequently used in industrial practice.
Composites containing zeolites up to 50 vol% were
homogenized in an internal mixer and then compression
molded to 1 mm thick plates. The results proved that the
water adsorption capacity of zeolites depends on the
total volume of the pores, whereas the rate of adsorption
on thermodynamics, on the equilibrium constant of
adsorption. On the other hand, zeolite characteristics
influence the moisture adsorption of the composites
only marginally; adsorption capacity is determined by
zeolite content, whereas the rate of adsorption is deter-
mined by the properties of the polymer. Composites pre-
pared with X type zeolites have somewhat smaller water
adsorption capacity than those containing their A type
counterparts. The dispersion of the zeolite is good both
in PS and in HIPS composites. Mechanical properties
are excellent mainly because of the good interfacial
adhesion between the components. Because of their
larger surface energy, composites containing X type
zeolites have larger viscosity and they reinforce the poly-
mer more than A type desiccants. Matrix characteristics
influence mainly application related properties; rein-
forcement and ductility is better in HIPS than in PS com-
posites. POLYM. COMPOS., 35:2112–2120, 2014. VC 2014
Society of Plastics Engineers

INTRODUCTION

The number of functional and smart packaging materi-

als increases rapidly and they are used already in every-

day practice [1–4]. The main functions targeted for

various products are oxygen scavenging [5–7], humidity

control [8–12], regulating ethylene content [13], antimi-

crobial effect [14–17], adsorption of odorous materials, or

the opposite, the release of desirable aromas [18, 19].

Intensive research and development work is performed on

these materials all over the world, but mostly in industry.

Controlling the humidity of packaged wares is

extremely important in several areas. Controlled and

given moisture content must be maintained in food pack-

aging [8–10], whereas dry conditions must be achieved

in pharma [11, 12, 20] and electronics [21]. Water being

present in the atmosphere must be captured in the latter

case, which is done either by the adsorption or absorption

of water [22]. Absorbents bind moisture either as crystal

water or they react with it chemically to form a new

compound. Adsorbents are able to bind considerable

amount of water on their large, high energy surface.

Active carbon [23], silica gel [24], clays [25], and zeo-

lites [26] are often used for this purpose, but silica gels

[27] or zeolites [28] are applied the most frequently. The

desiccant can be added to the packaged ware in a semi

permeable satchel or incorporated into the packaging

material [3].

Despite the social and economical importance of

active packaging materials controlling humidity, little

systematic work has been reported in the literature on

this question, at least according to our knowledge. Pehli-

van et al. [28] studied the water adsorption of polypro-

pylene (PP)/zeolite composites. They prepared their

samples by compression molding from powders and
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surface modified the desiccant with polyethylene glycol

(PEG) before composite preparation. They measured sig-

nificantly different adsorption capacities by water immer-

sion and in an atmosphere of 100% RH (24.5 and 13.5%,

respectively), and similar differences were observed in

the rate of adsorption as well without unambiguous rea-

son or explanation. Mathiowitz et al. [27] also studied PP

composites containing zeolite treated with PEG and com-

pared it to silica gel. Their main conclusions were that

desiccant composites bind water and that composites pre-

pared with the zeolite are more efficient than those con-

taining the silica gel. The parameters most important for

these functional packaging materials, i.e., adsorption rate

and capacity, are difficult to extract from these papers

and important factors, like the characteristics of the des-

iccant or the polymer matrix have not been investigated

systematically.

The papers cited above and other information indicate

that zeolites are efficient adsorbents of moisture. How-

ever, a single, specific zeolite is used in most studies

[27, 28], which is selected on availability or for some

other reason. Zeolites may differ widely in characteris-

tics. They can come from natural resources or can be

produced synthetically [22, 29]. Many of their character-

istics including pore size and volume, particle size, spe-

cific surface area, surface energy, the ratio of silica, and

aluminum atoms, etc., may change in a wide range and

some of them must influence the rate and capacity of

water adsorption [30–32]. According to our knowledge,

a systematic study of the effect of these parameters on

the desiccant properties of functional composites has

never been done before. Moreover, beside functional

properties the composites must meet the requirements of

the intended application and zeolite characteristics may

influence the corresponding properties as well. Usually

commodity polymers, e.g., PP [33–36], polyethylene [26,

37–40] or polystyrene [41] are used as matrices in such

desiccant composites. In a previous study we showed

that the free volume of the polymer plays an important

role in the determination of the rate of moisture adsorp-

tion and polystyrene has large free volume leading to

fast adsorption [42]. Both glassy polystyrene homopoly-

mer (PS) and high impact polymers (HIPS) are used as

matrices for desiccant composites, but no attempt has

been done yet to compare the performance of the two

types of polymers and to study the effect of the elasto-

mer phase on desiccant and other characteristics.

As a consequence, the goal of our study was to per-

form systematic experiments on desiccant composites pre-

pared with a series of zeolites and to determine the effect

of their characteristics on the rate and capacity of water

adsorption, but also on other composite properties. Two

different polymers were selected for the study, a PS and a

HIPS, to investigate the effect of the elastomer phase on

composite properties.

EXPERIMENTAL

A PS (Styron 686 E, Dow), and a HIPS (Styron 485,

Dow), were selected as matrix polymers in the study.

Their most important characteristics are listed in Table 1.

The series of zeolites used as desiccants were obtained

from the Luoyang Jianlong Chem. Ind. Co., China, and

they included the most often used synthetic zeolites, i.e.,

3A, 4A, 5A, 10X, and 13X. The desiccants were thor-

oughly characterized with a wide range of techniques; the

results are collected in Table 2. Their water adsorption

characteristics were determined in an atmosphere of

100% RH by the measurement of the weight of samples

as a function of time. Their chemical composition was

analyzed by inductively coupled plasma optical emission

spectrometry (ICP-OES). To characterize pore size and

volume samples were vacuumed at 300�C for 24 h down

to 1025 mm Hg, and water and nitrogen adsorption was

measured using a Hydrosorb (Quantachrome) apparatus at

20 and 2195�C, respectively. The particle size and size

distribution of the zeolites were determined using a Mal-

vern Mastersizer 2000 equipped with a Sirocco powder

analyzer. The dispersion component of surface energy

(csd) was estimated by inverse gas chromatography (IGC)

at various temperatures by the injection of n-alkanes onto

TABLE 1. Characteristics of the polymers used as matrix in the

experiments.

Polymer

MFRa

(g/10

min)

Mn

(g/mol) Mw/Mn

Density

(g/cm3)

WVTR

(g 20 mm/

m2/24 h)

vsf
b

(cm3)

PS 2.5 127,970 2.44 1.04 130 6 8 0.166

HIPS 12.0 77,525 2.68 1.02 139 6 2 0.167

aAt 200�C, 5 kg.
bSpecific free volume.

TABLE 2. Characteristics of the zeolites used as desiccant in the study.

Type Cation

Ion radius

(Å)

Si/Al

ratio

Particle

size (mm)

Pore

diameter (Å)

Pore

volume (cm3/g) M1 (%) K
gsd

a

(mJ/m2)

3A K1, Na1 0.117 1.00 4.5 3.0 0.27 26.2 42.2 219

4A Na1 0.097 1.23 4.0 3.8 0.28 27.5 47.6 216

5A Ca21, Na1 0.099 1.25 4.5 4.3 0.29 27.8 29.4 217

10X Ca21, Na1 0.098 1.39 4.7 7.4 0.36 34.3 57.2 235

13X Na1 0.097 1.43 4.3 8.1 0.33 33.3 33.5 240

aDispersion component of surface tension determined by IGC.
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the column containing the zeolites and measuring their

retention times. The density of the zeolites was measured

by helium pycnometry.

Before composite preparation the zeolites were dried at

300�C for 16 h in vacuum. The components were homog-

enized in a Brabender W 50 EHT internal mixer attached

to a Haake Rheocord EU 10 V driving unit at 190�C for

10 min. Torque and temperature of mixing were recorded

during homogenization and used for evaluation. For fur-

ther study, 1 mm thick plates and 100 mm thick films

were compression molded from the homogenized material

at 190�C using a Fontijne SRA 100 laboratory machine.

The zeolite content of the composites changed between

0 and 50 vol%.

The molecular weight of the polymers was determined

by gel permeation chromatography in THF using polysty-

rene standards. Their density was measured using a pyc-

nometer at room temperature. The water vapor

transmission rate (WVTR) of the polymers was deter-

mined on 100 mm thick films using a Mocon Permatran

W1A equipment. Results were calculated for 20 mm

thickness according to industrial practice. The water

adsorption of the composites was followed by the mea-

surement of weight in an atmosphere of 100% RH on

20 3 20 3 1 mm specimens as a function of time. The

zeolite content of the composites was checked by thermal

gravimetry (TGA). Fifteen milligram samples were heated

to 650�C with 80�C/min rate in oxygen and kept there for

5 min to burn off the polymer. Mechanical properties

were characterized by tensile testing using an Instron

5566 machine at 115 mm gauge length and 5 mm/min

cross-head speed on specimens with 1 3 10 mm dimen-

sions. The distribution of the zeolites in the composites

and failure mechanism were studied by scanning electron

microscopy using a Jeol JSM 6380 LA apparatus.

Micrographs were recorded on fracture surfaces created

during tensile testing.

RESULTS AND DISCUSSION

The results are presented in several sections. First the

characteristics of the zeolites including water adsorption

are compared and evaluated according to their possible

influence on composite properties. Desiccant characteris-

tics of the composites are discussed subsequently, and

finally the effect of the zeolites on properties important

for applications in packaging is discussed in the last sec-

tion. Brief reference is made to consequences for practice

at the end of the section.

Desiccant Characteristics

The capacity and rate of water adsorption are the

most important functional properties of desiccant compo-

sites. The characteristics of zeolites may change in a

wide range and it is safe to assume that some of them

influence composite properties as well. The synthetic

zeolites used in this study include the A and X types

used most frequently in industrial practice. The charac-

teristics of the desiccants are collected in Table 2 and

they include the type of compensating cations, Si/Al

ratio, pore size and volume, and characteristics related to

water adsorption (capacity, M1; equilibrium constant of

adsorption, K). The type of the compensating ions and

Si/Al ratio have been proved to influence the adsorption

characteristics of zeolites quite strongly [30–32]. How-

ever, the diameter of the ions do not differ significantly

in our case and although Si/Al ratio changes from 1.0 to

1.4. This change is small compared to the possible range

from one to infinite. Accordingly, we do not expect

these parameters to influence the water adsorption

capacity of our zeolites. However, considerable differ-

ence can be seen in capacity (M1) for A and X types,

respectively, caused by some other factor. Both pore size

and total pore volume differ for the two types of zeolites

and the surface energy (csd) of X types is also somewhat

larger than that of A type zeolites. The particle size of

the desiccants is similar; we did not expect and did not

find any effect of this parameter on desiccant and other

properties.

The water adsorption isotherm of two different types of

zeolites is presented in Fig. 1. As the figure shows, water

adsorption is fast and more than 30% water is adsorbed at

least by the X type zeolites. The capacity of the two zeo-

lites differs considerably. As explained above the differ-

ence may result from dissimilar pore size, volume, or

surface energy. A detailed analysis of the results proved

that the dominating factor in the determination of the water

adsorption capacity of the zeolites used in this study is the

total volume of the pores (Vt). We did not find any correla-

tion between adsorption capacity and pore diameter or sur-

face tension, or in fact any other characteristics of the

FIG. 1. Comparison of the water adsorption isotherm of two different

types of zeolites used as desiccants in the study. Symbols: (�) 4A and

(�) 10X. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

2114 POLYMER COMPOSITES—2014 DOI 10.1002/pc



desiccant, but total pore volume. The relatively close corre-

lation between the two quantities is presented in Fig. 2. The

zeolites used form two groups according to their type and

the difference in adsorption capacity is about 10%.

Besides capacity, the rate of water adsorption is

another important attribute of desiccant composites. Simi-

larly to capacity, this characteristic might be influenced

by the type of the desiccant as well. In the determination

of the rate of water adsorption we assumed Fickian type

adsorption and fitted the following equation to our experi-

mental adsorption isotherms

Mt 5 M1 12
8

p2
exp 2a tð Þ 1

1

9
exp 29 a tð Þ

��

1
1

25
exp 225 a tð Þ

��
(1)

where Mt is time dependent weight increase, M1 the final

water uptake reached after infinite time (adsorption

capacity), t the time of adsorption, and a (1/s) a constant

characterizing the overall rate of water adsorption. We

determined the initial rate of adsorption from a different

form of Fick’s law

Mt

M1
5 4

D t

L2

� �1=2

3 p21=2 1 2
X1
m50

21ð Þmierfc
m L

2 D tð Þ1=2

 !
(2)

where D is diffusion coefficient and L the thickness of

the sample. If we plot the water uptake as a function of

the square root of time, we should obtain a straight line

the slope of which, b (s21/2), is proportional to the initial

rate of water adsorption. Comparing all the characteristics

determined for the zeolites to the initial rate of water

adsorption we found that it is independent of most

characteristics and correlates mainly with the equilibrium

constant of water adsorption (K) defined as

DG 5 2R T ln K (3)

where DG is the free enthalpy of adsorption, R the uni-

versal gas constant, and T absolute temperature. The cor-

relation is shown in Fig. 3. It is interesting to note that

the zeolites cannot be divided into two groups and the

points belonging to A and X types are located randomly

along the correlation (see also Table 2). We can also con-

clude that the rate of adsorption changes much less with

desiccant characteristics than adsorption capacity, the

determined values are similar to each other. The examina-

tion of the factors determining the water adsorption char-

acteristics of zeolites showed that capacity depends quite

significantly on the type of the zeolite, but adsorption rate

does not. Accordingly, we can expect also the adsorption

capacity of desiccant composites to depend on the type of

the zeolite and X types are expected to perform better

than the more common A types.

Water Adsorption of Composites

The water adsorption isotherms of a series of compo-

sites are presented in Fig. 4. The comparison of the iso-

therms to those presented in Fig. 1 may lead to several

conclusions. Water adsorption in HIPS/zeolite desiccant

composites can be described quite well by the equation

based on Fick’s law. The rate of adsorption is consider-

ably slower in the composites, than for neat zeolites, and

it is in the same order of magnitude as that of the neat

polymer (a 5 0.03–0.04 s21), i.e., it is determined by the

characteristics of the matrix. In accordance with earlier

results, adsorption capacity is determined mainly by the

amount of zeolite present, the amount of adsorbed water

seems to be proportional to zeolite content. Naturally,

FIG. 2. Effect of the total pore volume of the zeolite on its water

adsorption capacity. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

FIG. 3. Correlation between the equilibrium constant (K) and the initial

rate (b) of moisture adsorption. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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Fig. 4 alone does not allow the determination of the effect

of the matrix polymer or that of the type of zeolite, but it

shows quite well the effect of desiccant content.

Water adsorption capacity determined by the fitting of

Eq. 1 to the adsorption isotherms (M1) is plotted against

zeolite content in Fig. 5 to compare the effect of the two

parameters, i.e., zeolite and matrix type, mentioned above.

The determining role of desiccant content is clear from the

figure, linear correlation exists between water adsorption

capacity and zeolite content. Some differences can be seen

in the slope of the line depending on the type of zeolite

used. However, quite surprisingly, composites containing

X type adsorb less water than those prepared with A type

zeolites and the effect depends also on the type of polymer

used. The adsorption capacity of the 13X type zeolite

(r,�) is much smaller than that of the rest and the effect is

more pronounced in neat PS than in the impact polymer.

Slight differences can be seen in the other cases as well,

but the influence of polymer and zeolite type is much

weaker than in the case of zeolite 13X; in fact composites

prepared from HIPS and the 10X zeolite have the same

adsorption capacity as those containing A type zeolites.

Figure 2 showed a clear correlation between the

adsorption capacity of zeolites and their total pore vol-

ume. The capacity of desiccant composites is plotted

against the pore volume of the zeolite in Fig. 6 at two

different desiccant contents. Contrary to the neat zeolites,

the water adsorption capacity of the composites decreases

with increasing total pore volume of the zeolite. Although

the correlation is not strong, it is unambiguous. It is quite

difficult to find a plausible explanation or even a tentative

one for the phenomenon; it definitely needs further study

and considerations. Nevertheless, we can conclude that

the water adsorption capacity of desiccant composites

prepared from various zeolites depends practically only

on the amount of zeolite present and only slightly on the

type of desiccant used. The rate of moisture adsorption

seemed to be somewhat larger in HIPS than in neat PS

composites, but the differences fall within the standard

deviation of the measurement thus the correlations are not

shown here. To come to a definite conclusion about the

effect of elastomer content on desiccant properties, fur-

ther, more systematic experiments must be performed as

a function of elastomer content.

Application Properties

The rate and capacity of water adsorption are the most

important functional properties of desiccant composites.

However, if we want to use these composites in packaging

FIG. 5. Effect of zeolite content on the water adsorption capacity

(M1) of polystyrene desiccant composites. Full symbols PS, empty sym-

bols HIPS; (w) 3A, (�) 4A, (�) 5A, (�) 10X, and (r) 13X. [Color fig-

ure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

FIG. 6. Correlation between the total pore volume of the zeolite and

the water adsorption capacity of its composites. Zeolite content: (�) 10

and (w) 30 vol%.

FIG. 4. Water adsorption isotherms of HIPS/4A desiccant composites.
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for any purpose, they should meet the requirements of the

specific application. These requirements usually include

characteristics related to processing, but also stiffness,

strength and toughness. Mechanical properties of such com-

posites depend much on the interfacial adhesion of the com-

ponents, thus interactions must be analyzed as well,

especially because several contradictory statements have

been published in the literature on this issue [43].

Torque measured during the homogenization of the

composites, which is proportional to viscosity, is plotted

against zeolite content in Fig. 7 for the composites pre-

pared from neat PS. The correlation is the same and even

the values are similar for the HIPS composites, despite

the considerable difference in the molecular weight of the

two polymers. The viscosity of the composites prepared

with the X type zeolite is considerably larger than that of

the materials containing the A type. Because particle sizes

are similar (see Table 2) irrespectively of type, the main

reason must be the surface energy of the zeolite being

substantially larger for the X than for the A type. Larger

viscosity, especially at the large zeolite content necessary

for efficient desiccation, might result in difficulties in

processing and the steep increase of torque at 50 vol%

filler content indicates some homogenization problem, the

slight aggregation of the desiccant.

The modulus of the polymer increases with increasing

zeolite content and its composition dependence is independ-

ent of the type of zeolite (not shown). The stiffness of com-

posites prepared with the two polymers, i.e., PS and HIPS,

obviously differs from each other because of inherent differ-

ences in matrix properties. However, modulus is not sensi-

tive to slight differences in dispersion and/or interfacial

adhesion thus the result is expected. On the other hand,

the strength of composites prepared with the two matrices

differs significantly as shown by Fig. 8 for two desiccants

(4A and 10X). The strength of composites prepared from

neat PS decreases slightly with increasing zeolite content

(�,�). On the other hand, the tensile strength of composites

based on HIPS increases with increasing desiccant content

(�,�), i.e., true reinforcement can be achieved in this

matrix polymer. The effect of A and X type zeolites also

differs from each other, the reinforcing effect of the second

being stronger than that of the first. The observed differen-

ces can be explained by the inherent property of the matrix,

on the one hand, and by dissimilar interfacial adhesion on

the other. Always larger reinforcement is achieved in soft

matrices, than in stiff polymers, whereas the larger surface

energy of the X type zeolite results in stronger interfacial

interactions, leading to larger reinforcement.

The extent of reinforcement and the influence of adhe-

sion can be expressed quantitatively by the model devel-

oped earlier to describe the composition dependence of

tensile strength in particulate filled composites [44]

rT 5 rT0 kn 1 2u
1 1 2:5 u

exp B uð Þ (4)

where rT and rT0 are the true tensile strength (rT 5 rk
and k 5 L/L0) of the composite and the matrix, respec-

tively, n is a parameter expressing the strain hardening

tendency of the matrix, u is the volume fraction of the

zeolite, and B is related to its relative load-bearing

capacity, i.e., to the extent of reinforcement, which

depends among other factors, also on interfacial interac-

tion. We can write Eq. 4 in linear form

ln rTred 5 ln
rT 1 1 2:5 uð Þ

kn 1 2 uð Þ 5 ln rT0 1 B u (5)

and the plot of the natural logarithm of reduced tensile

strength against filler content should result in a straight

FIG. 7. Influence of the type of zeolite on equilibrium torque measured

during the homogenization of desiccant composites in neat PS matrix.

Symbols: (�) 4A and (�) 10X. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

FIG. 8. Composite strength plotted against zeolite content for polysty-

rene/zeolite composites. Effect of matrix and zeolite type. Full symbols

PS, empty symbols HIPS; (�,�) 4A and (�,�) 10X. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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line, the slope, of which is proportional to the load-

bearing capacity of the filler and under certain conditions

to the strength of interaction.

The strength of the four series of composites of Fig. 8

is plotted in the form indicated by Eq. 5 in Fig. 9. We

obtain straight lines indeed with slight deviations at the

largest desiccant content, because of slight homogeniza-

tion problems mentioned earlier. The calculation was exe-

cuted for all composites and the results are collected in

Table 3. We can see that reinforcement (B) is much

larger in the softer matrix, as expected and predicted by

the model used.

The mode of deformation and failure is also impor-

tant aspects of most applications. In particulate filled

composites the dominating deformation mode is debond-

ing, the separation of the matrix and the filler at the

interface under the effect of external load. The critical

stress initiating debonding can be predicted by the

correlation [45].

rD 5 2C1 rT 1 C2

E WAB

R

� �1=2

(6)

where rD and rT are debonding and thermal stresses,

respectively, E the Young’s modulus of the matrix, WAB

the reversible work of adhesion, R the radius of the par-

ticles, while C1 and C2 are geometric constants related to

the debonding process. Using Eq. 6, we predicted debond-

ing stress for our composites and listed the results in

Table 3. If we compare debonding stress to the strength

of the matrix, we can see that the former is larger in all

cases thus debonding does not occur, but the composites

fail either by the yielding or fracture of the matrix. These

conclusions are further confirmed by SEM micrographs

recorded on the fracture surface of composites created

during tensile testing (Fig. 10). All the filler particles are

covered by the matrix indicating good interfacial adhesion

irrespectively of the presence or absence of an elastomer

phase. Easy debonding may lead to premature failure,

thus good adhesion and the mechanism mentioned above

can be advantageous if the composites do not become

brittle as a result of filling.

FIG. 9. Reduced tensile strength plotted against zeolite content in the

representation of Eq. 2 for the composites of Fig. 8. Full symbols PS,

empty symbols HIPS; (�,�) 4A and (�,�) 10X. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

TABLE 3. Reinforcement and debonding stress depending on interfa-

cial adhesion for PS and HIPS/zeolite composites.

Polymer Zeolite

Matrix

strength (MPa)

Debonding

stress (MPa)

Parameter

B

PS 3A 38.3 51.0 1.97

4A 50.9 2.09

5A 50.8 2.95

10X 51.8 3.19

13X 51.9 2.99

HIPS 3A 11.8 36.7 4.30

4A 36.6 4.14

5A 36.6 4.35

10X 37.3 5.76

13X 37.4 5.65

FIG. 10. SEM micrographs recorded on the fracture surface of polysty-

rene/zeolite composites containing 30 vol% desiccant. The surfaces were

created in tensile testing. (a) PS/4A and (b) HIPS/4A.
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Although the 1 mm thick plates prepared and used in

these experiments do not allow the reliable determination

of impact or fracture resistance, we can estimate the duc-

tility of our materials from the stress vs. strain traces.

Relative toughness (related to the corresponding matrix

property) is compared for all composites in Fig. 11 for

two desiccants, 4A and 10X. We can see that HIPS com-

posites perform much better than those produced with the

neat PS, as expected. Accordingly, if fracture resistance is

an important requirement for the intended application,

impact modified PS should be selected as matrix, because

it performs better than the unmodified material.

CONCLUSIONS

The systematic study of five zeolites and their desic-

cant PS composites proved that the water adsorption

capacity of zeolites depends on the total volume of the

pores, while the rate of adsorption on thermodynamics,

on the equilibrium constant of adsorption. On the other

hand, zeolite characteristics influence the moisture

adsorption of the composite only marginally; adsorption

capacity is determined by zeolite content, whereas the

rate of adsorption is determined by the properties of the

polymer. Composites prepared with X type zeolites have

somewhat smaller water adsorption capacity than those

containing their A type counterparts. The dispersion of

the zeolite is good both in PS and in HIPS composites.

Mechanical properties are excellent mainly because of the

good interfacial adhesion between the components.

Because of their larger surface energy, composites con-

taining X type zeolites have larger viscosity and they

reinforce the polymer more than the A type desiccants.

Matrix properties influence mainly application related

properties, reinforcement, and ductility is better in HIPS

than in PS composites.
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ABSTRACT 

 Desiccant composites were prepared from seven high impact polystyrene copolymers 

(HIPS) and two homopolymers (PS) to study the effect of structure and elastomer content on 

their functional and application properties. Composites containing an 4A type zeolite up to 50 

vol% were homogenized in an internal mixer and then compression molded to 1 mm thick 

plates. The water absorption capacity of the composites increases strongly with zeolite, but 

decreases slightly with increasing polybutadiene content. The overall rate of water adsorption 

decreases with increasing zeolite content and it is influenced quite significantly by the amount 

of elastomer as well. Zeolite and elastomer contents determine both functional and application 

properties, but structural parameters also play a role. The size of the dispersed butadiene 

droplets, the amount of PS embedded into them as well as the encapsulation of the zeolite into 

the droplets also influence all properties in smaller or larger extent.  

 

 

KEYWORDS: HIPS, zeolite, desiccant composites, butadiene content, capacity and rate of 

water adsorption, composite properties 
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1. INTRODUCTION 

  
Plastic packaging materials have been used extensively for the protection and 

distribution of a wide range of products for a long time. Continuous development driven by 

the ever increasing demand of the public resulted in new solutions including functional and 

smart packaging materials1-4. The latter respond to changes in the environment, while the 

former fulfills some function improving the performance of the packaging5. The number of 

such materials increases rapidly and they are used already in everyday practice6. The function 

of such packaging solutions covers a wide range from oxygen scavenging7-9 through humidity 

control10-14 to antimicrobial protection15-18. Controlling the humidity of packaged wares is 

extremely important in several areas. Controlled and given moisture content must be 

maintained sometimes in food packaging11-13, while dry conditions are required in 

pharma10,14,19 and electronics20. Water being present in the atmosphere must be captured in the 

latter case which is done either by the adsorption or absorption of water21. Absorbents bind 

moisture either as crystal water or they react with it chemically to form a new compound22-24. 

Adsorbents are able to bind considerable amount of water on their very large, high energy 

surface25-29; silica gels27 and zeolites30 are applied the most frequently for this purpose. 

In spite of the importance of active packaging materials controlling humidity, very 

little systematic work has been reported in the literature on them, at least according to our 

knowledge. Pehlivan et al.30 studied the water adsorption of PP/zeolite composites. They 

prepared their samples by compression molding from powders and surface modified the 

desiccant with polyethylene glycol (PEG). They measured adsorption capacities and the rate 

of water adsorption and came to contradictory results concerning both quantities, which 

changed with conditions quite unreasonably. Mathiowitz et al.27 compared the desiccant effect 
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of a zeolite treated with PEG and compared it to silica gel in PP composites. Their main 

conclusion was that composites prepared with the zeolite are more efficient than those 

containing the silica gel. Unfortunately, the parameters most important for these functional 

packaging materials, i.e. adsorption rate and capacity, are difficult to extract from these papers 

or the results are contradictory, and important factors, like the characteristics of the desiccant 

or the polymer matrix have not been investigated systematically.  

A previous study has shown that the adsorption capacity of desiccant composites 

depends linearly on the amount of the desiccant present, but it is independent of the type of 

the polymer used31. The initial rate of diffusion depends strongly on the specific free volume 

of the matrix and this factor influences also the overall rate of water adsorption. Both glassy 

PS and high impact polystyrene (HIPS) have large specific free volume and they are 

successfully used as matrices for desiccant composites in practice. The results of another 

study also showed differences in the performance of the two kinds of polymer, i.e. PS and 

HIPS, and indicated that dispersed structure and elastomer content might influence both 

functional and application properties32. However, according to our knowledge, a detailed 

study of these factors has never been carried out before on desiccant composites prepared 

from zeolite and HIPS. As a consequence, the goal of our study was to carry out systematic 

experiments on such composites prepared with a series of high impact polystyrenes as matrix 

and to determine the effect of their characteristics, especially butadiene content, on the rate 

and capacity of water adsorption, but also on other composite properties. Two different 

polystyrene homopolymers were selected as references, and seven HIPS with a wide range of 

butadiene contents and other characteristics were used as matrix materials. Zeolite 4A was 

used as desiccant in the experiments. 
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2. EXPERIMENTAL 

 

2.1. Materials 

 

 The two PS homopolymers and the seven high impact copolymers were characterized 

with a variety of methods before using them as matrix in the experiments. The polymers with 

the trade name "Styron" were obtained from Dow, USA, while those named "Empera" from 

Ineos Nova, Switzerland. The grades used, the abbreviations applied and the most important 

characteristics are listed in Table 1. In the case of the HIPS polymers, instead of trade name 

we use ten times their butadiene content in the abbreviation. The butadiene content of 

copolymers was determined by the measurement of their iodine value according to the ASTM 

D 5902-2005 standard; unsaturations were reacted with iodine chloride in chloroform and the 

residual chloride was titrated with sodium thiosulfate. The molecular weight of the polymers 

was determined by gel permeation chromatography in THF using a Waters e2695 Separation 

Module. The measurements were done at 35 °C with 0.5 ml/min flow rate using Styragel 

columns. Calibration was done with polystyrene standards. Density was measured using a 

pycnometer at room temperature. The water vapor transmission rate (WVTR) of the polymers 

was determined on 100 µm thick films using a Mocon Permatran W1A equipment. Results 

were calculated for 20 µm thickness according to industrial practice. The structure of the 

copolymers was studied by transmission electron microscopy (TEM). 100 nm thick slices 

were cut at -100 °C with a Leica Ultramicrotome and then stained with osmium tetroxide for 

4 hours. Micrographs were recorded with a FEI Morgagni 268D electron microscope.  
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Table 1 The most important characteristics of the polymers used in the experiments 

Polymer Abbreviation 
PB content 

(vol%) 
MFIa 

(g/10 min) 
Mn 

(g/mol) 
Mw/Mn 

Impact strength 
(kJ/m2) 

WVTR 
(g 20 µm/m2/24 h) 

Styron 686 E PS1 0.0 2.5 127970 2.44 1.6 130 ±   8 

Empera 116 PS2 0.0 25.0 81800 2.40 1.1 112 ± 15 

Styron 485 HIPS67 6.7 12.0 77525 2.68 7.0 139 ±   2 

Styron 1175 HIPS86 8.6 2.8 95840 2.54 11.0 151 ±   7 

Styron 1200 HIPS98 9.8 5.0 79 420 2.04 12.0 154 ± 13 

Empera 416 HIPS47 4.7 21.0 85 640 2.17 5.0 107 ±   4 

Empera 524 HIPS65 6.5 10.5 81 890 2.79 8.0 145 ±   5 

Empera 613 HIPS120 12.0 6.0 78 760 2.29 9.5 167 ± 19 

Empera 622 HIPS104 10.4 4.8 84 490 2.14 10.0 166 ±   2 

a) 200 °C, 5 kg 
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Structure, size and size distribution of polybutadiene droplets were determined from the 

micrographs by image analysis using the Image Pro Plus 6 software (Media Cybernetics, 

USA). The most important structural characteristics of HIPS copolymers are collected in 

Table 2.  

Table 2 Structural characteristics of the HIPS polymers used in the experiments 

Polymer 
Particle size (µm) Embedded PS 

(vol%) Average Most frequent 

HIPS67 1.2 ± 0.7 0.50 17.1 

HIPS86 2.6 ± 2.3 1.13 17.9 

HIPS98 1.0 ± 0.5 0.70 18.0 

HIPS47 1.7 ± 0.8 0.95 7.0 

HIPS65 0.6 ± 0.2 0.55 12.1 

HIPS120 2.4 ± 1.2 1.65 16.4 

HIPS104 1.5 ± 0.7 1.10 14.0 

 

 The zeolite 4A used as desiccant was obtained from the Luoyang Jianlong Chem. 

Ind. Co., China. The water adsorption characteristics of the zeolite were determined in an 

atmosphere of 100 % relative humidity by the measurement of the weight of the samples 

as a function of time. Pore size and volume were characterized by water adsorption using a 

Hydrosorb (Quantachrome, USA) apparatus at 20 °C. The sample was evacuated at 300 

°C for 24 hours down to 10-5 Hgmm before measurement. The particle size and size 

distribution of the zeolite were determined using a Malvern Mastersizer 2000 equipped 

with a Sirocco powder analyzer. The density of the zeolite was measured by helium 

pycnometry. The average particle size of the desiccant is 4.0 µm, its density 1.7 g/cm3. 

The theoretical pore diameter of this zeolite is 3.8 Å.  
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2.2. Sample preparation 

 
 Before composite preparation the zeolite was dried at 300 °C for 16 h in vacuum. 

The components were homogenized in a Brabender W 50 EH internal mixer attached to a 

Haake Rehocord EU 10 V driving unit at 190 °C for 10 min. The torque and temperature 

of mixing were recorded during homogenization and used for evaluation. For further 

study, 1 mm thick plates and 100 µm thick films were compression molded from the 

homogenized material at 190 °C using a Fontijne SRA 100 equipment.  

 

2.3. Measurements 

 
 The water adsorption of the composites was determined by the measurement of 

weight in an atmosphere of 100 % RH on 20 x 20 x 1 mm specimens as a function of time. 

Their zeolite content was checked by thermal gravimetry (TGA). 15 mg samples were 

heated to 650 °C with 80 °C/min rate in oxygen and kept there for 5 min to burn off the 

polymer. Mechanical properties were characterized by tensile testing using an Instron 

5566 machine at 115 mm gauge length and 5 mm/min cross-head speed on specimens with 

1 x 10 mm dimensions. The distribution of the zeolites in the composites was studied by 

scanning electron microscopy using a Jeol JSM 6380 LA apparatus. Micrographs were 

recorded on fracture surfaces created during tensile testing. 

 

3. RESULTS AND DISCUSSION 

 

 The results are presented in several sections. First the characteristics of the 

polymers, primarily their structure and elastomer content, are compared and evaluated 

according to their possible influence on composite properties, which are discussed 
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subsequently. Then we present the effect of matrix type on functional properties. A 

discussion with brief reference to consequences for practice concludes the paper in the last 

section. 

 

 

3.1. Matrix characteristics and structure 

 

 Polystyrene and high impact polystyrene are frequently used as matrix materials 

for the production of desiccant composites in industrial practice. The actual grade is 

selected according to processability or mechanical properties; functional characteristics are 

of secondary importance. In fact very little information is available on the effect of the 

structure and elastomer content of HIPS on the water adsorption characteristics of the 

desiccant composite33. However, the butadiene content, structure and consequently the 

properties of HIPS polymers may change in a wide range34-37. The most important 

characteristics of the polymers used in our experiments are listed in Table 1. The 

molecular weight and MFI of the polymer varies considerably, but these characteristics did 

not prove to be crucial either for functional or application properties. On the other hand, 

impact resistance is very important for practice in fact it was one of the aspects of 

selection; we tried to select grades to cover as wide range of impact strength as possible 

(see seventh column of Table 1). As mentioned above, one of the crucial characteristics of 

high impact polystyrenes is their butadiene content, which we determined by the 

measurement of the iodine value. According to the table, butadiene content changes 

between 4.7 and 12.0 vol%. A close correlation exists between impact strength and 

elastomer content (Fig. 1) as expected, but some other factor or factors also play a role as 

shown by the deviating point of the HIPS120 polymer. The most probable reason is the 

dissimilar particle size of the butadiene droplets or the amount of embedded polystyrene, 
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which were reported to influence the properties of HIPS considerably38-42. The particle 

size, size distribution and structure of the butadiene particles depends on numerous factors 

including the molecular weight and amount of the elastomer, the initiator system, stirring, 

shear stresses, temperature program, monomer and solvent stripping, etc43. The detailed 

analysis of these factors is out of the scope of this paper, but considerable information has 

been published on the production, structure and properties of HIPS elsewhere43,44. 
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Figure 1  Effect of the polybutadiene content of HIPS polymers on their impact 

resistance. 

 
We checked the dispersed structure of our polystyrenes by transmission electron 

microscopy. Two typical micrographs are presented in Fig. 2. The above mentioned 

characteristics, i.e. size, size distribution and embedded PS differ considerably for the two 

grades indeed. We determined these characteristics quantitatively and they are listed in 

Table 2 for the HIPS grades used. The width of particle size distributions changes 

considerably from one polymer to the other. The particle size distribution of the elastomer 

droplets is presented in Fig. 3 for the two grades of Fig. 2 to demonstrate this statement.  
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a)  b)  

 
Figure 2  Heterogeneous structure of two of the HIPS polymers used in the 

experiments. Typical morphologies. a) HIPS86, b) HIPS65. 

 

0 3 6 9
0

10

20

30

HIPS65

F
re

qu
en

cy
 (

%
)

Particle size (µm)

HIPS86

 

Figure 3  Size distribution of dispersed polybutadiene droplets in the polymers of 

Figure 2. Symbols: () HIPS65, (�) HIPS86. 

 

Besides average size, we determined the most frequent particle size as well and use 

it in further evaluation. The amount of embedded polystyrene can be deduced from 

measured moduli with the help of the modified Kerner or Lewis-Nielsen model45. We 
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carried out these calculations; the resulting values are compiled in the last column of 

Table 2. One can see that similarly to elastomer content and size, the amount of embedded 

PS also changes in a wide range and it does not always correlate with butadiene content. 

As the information presented above shows, the structure of the HIPS grades used in our 

experiments differs considerably and butadiene content, particle size, embedded 

polystyrene all might influence both the functional and the application properties of 

desiccant composites. 

The permeation characteristics of polymers depend mainly on their specific free 

volume as proved by Lee46 and also our previous study31. In the case of desiccant 

composites the diffusion of water is the most important functional characteristic. The 

water vapor transmission rate of our HIPS samples is listed in the last column of Table 1. 

Although the values are relatively large (a value of 3.6 g 20 µm/m2/24 h was measured for 

HDPE31), they still change considerably. The correlation of WVTR with the elastomer 

content of the polymers is plotted in Fig. 4.  
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Figure 4  Correlation between the water vapor transmission rate of HIPS polymers and 

their butadiene content. 
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The correlation is relatively close, but one value deviates from the general 

tendency again. We can conclude that the diffusion of water in the polymers is influenced 

by butadiene content, but other structural parameters may play a role as well, thus we 

expect them to affect also the desiccant characteristics of the composites. 

 

3.2. Composite properties 

 

 Besides water adsorption desiccant composites should meet other conditions of 

their specific application as well. Requirements usually include properties related to 

processing, but also stiffness, strength and toughness. The two main variables in our study 

are zeolite and butadiene content thus we check their effect on some of the mechanical 

properties of the composites. We refrain from their detailed discussion and in the next 

section focus on functional properties instead. 

 The stiffness of the composites is plotted against zeolite content in Fig. 5. Modulus 

increases with increasing zeolite loading, but the correlations for the composites prepared 

with HIPS matrices run below that of homopolymers. The elastomer content of the 

copolymers obviously decreases stiffness, but we obtain two correlations for the seven 

polymers, and the differences in modulus do not correspond to elastomer content. 

Composites prepared with HIPS86 and HIPS120 as matrix possess the smallest stiffness. 

Already the abbreviation of the polymers shows that the first has 8.6, while the second 

12.0 vol% butadiene content. HIPS grades with elastomer content smaller and larger than 

8.6 vol% equally belong to the other correlation. Besides elastomer content some other 

factor must also influence modulus and the mechanical properties of our desiccant 

composites, generally. In order to explain the phenomenon we must assume that besides 
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PS inclusions also zeolite particles are embedded into the elastomer droplets. Embedding 

was shown to be the thermodynamically preferred structure in multicomponent polymer 

systems47, thus we may expect embedding in HIPS/zeolite composites as well. Embedding 

decreases apparent filler content and increases that of the elastomer thus leading to 

decreased stiffness. 
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Figure 5  Effect of zeolite content on the Young's modulus of desiccant composites. 

Symbols: (�) PS1, (�) PS2, () HIPS67, (�) HIPS86, (�) HIPS98, (�) 

HIPS47, (�) HIPS 65, (�) HIPS120, (�) HIPS104. 

 

Obviously not only elastomer content, but some other factor also influences the 

extent of embedding. This other factor can be the particle size of the dispersed elastomer 

droplets; HIPS86 and HIPS120 have the average particle size of 2.6, and 2.4 µm 

respectively, by far the two largest of all the grades used. This result clearly proves that 

besides elastomer content particle size also influences composites properties. The extent of 

embedding and its dependence on zeolite content as well as on the characteristics of HIPS 

composites need further considerations and study. 
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These conclusions are further corroborated by Fig. 6 in which we plotted the 

Young's modulus of the composites against the butadiene content of the matrix polymer. 

Stiffness decreases with elastomer content and increases with zeolite content as discussed 

above. Elastomer content dominates at small zeolite content; the deviation from the 

general tendency is small. However, the deviation of individual values increases with 

increasing silicate content further confirming our conclusion about the role of embedding 

in the determination of composite stiffness. Earlier experience with multicomponent 

materials clearly showed that the extent of embedding increases with increasing filler 

content48. 
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Figure 6 Influence of butadiene content on the stiffness of desiccant composites. 

Symbols: (�) 10, () 30, (�) 50 vol% zeolite. 

 

  Besides stiffness another important application property of desiccant composites is 

tensile strength that we plotted against zeolite content in Fig. 7. Only selected composites 

are presented in the figure in order to facilitate viewing. The correlations shown represent 

typical behavior. The strength of PS composites decreases with increasing zeolite content, 

Page 15 of 28

ACS Paragon Plus Environment

Industrial & Engineering Chemistry Research

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 
 

16 
 

while that of HIPS composites increases in smaller or larger extent. The reason for the 

difference is the dissimilar inherent property of the matrix and its load bearing capacity. 

Elastomer droplets with small modulus cannot carry much load during deformation thus 

the tensile strength of HIPS polymers decreases with increasing elastomer content. 

However, the reinforcing effect of fillers increases with decreasing stiffness of the 

matrix49. The load bearing capacity of the droplets increases also with embedding, since 

their modulus and strength is increased by the incorporation of the stiff zeolite particles. 

The combination of HIPS with zeolite is obviously beneficial for the application properties 

of desiccant composites.  
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Figure 7 Tensile strength of the desiccant composites plotted against their zeolite 

content. Symbols: (�) PS1, (�) HIPS86, (�) HIPS120, (�) HIPS104. 

  

3.3. Functional properties 

 

 The capacity and rate of water adsorption are the most important characteristics of 

desiccant composites. Capacity depended mainly on zeolite content earlier31,32, while rate 
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on the free volume of the polymer31. The question remains, whether butadiene content and 

the complex structure of HIPS influence these functional properties of desiccant 

composites. The maximum capacity of water adsorption is plotted against zeolite content 

for the composites prepared with all PS and HIPS matrices in Fig. 8. During the 

determination of the rate of water adsorption we assumed Fickian type adsorption50 and 

fitted the following equation to our experimental adsorption isotherms 

( ) ( ) ( ) 














 −+−+−−= ∞ tatataMM t   25exp
25

1
    9exp

9

1
   exp

8
1   

2π
        (1) 

where Mt is time dependent weight increase, M∞ the final water uptake reached after 

infinite time (adsorption capacity), t the time of adsorption and a (1/s) a constant 

characterizing the overall rate of water adsorption. The correlation is unambiguous; 

adsorption capacity is dominated by the amount of zeolite added. The effect of other 

parameters, if it exists at all, cannot be seen in the figure. 
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Figure 8 Effect of zeolite content on the water adsorption capacity (M∞) of desiccant 

composites. Symbols are the same as in Figure 5 
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Water adsorption capacity is plotted against the butadiene content of the HIPS 

matrix in Fig. 9 at three different zeolite contents. Quite surprisingly, capacity decreases 

with increasing elastomer content that is rather difficult to explain. Moreover, the decrease 

is faster at larger zeolite content and the deviation from the general trend seems to be also 

larger at larger silicate loading. These correlations indicate the effect of the embedding of 

the zeolite into the elastomer droplets and probably also that of particle size, but the main 

reason and mechanism are unclear and need further study and explanation. 
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Figure 9 Correlation between the butadiene content of HIPS polymers and the water 

adsorption capacity of desiccant composites. Symbols: (�) 10, () 30, (�) 

50 vol% zeolite. 

 

 The other important characteristic of desiccant composites is the rate of water 

adsorption. Faster rate is usually more advantageous in all applications. We can determine 

the overall (see Eq. 1) and the initial rate of adsorption31,32, which depend dissimilarly on 

desiccant content. The overall rate of adsorption is plotted against zeolite content in Fig. 
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10 for selected composites; it decreases with increasing zeolite content, which was 

explained with the increase of diffusion path31. Fillers were shown to slow down diffusion 

through composites because of increasing tortuosity of the path51. Diffusion proceeds from 

the edges of the specimen thus particles located there are filled with water fast and water 

molecules must go around particles already saturated with water. The effect is enhanced 

for polymers in which diffusion is fast. The deviation from the general tendency is large 

and it is even larger when all results are plotted. This clearly indicates the role of 

composition and structure (particle size, embedding) in the determination of the rate of 

diffusion. 
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Figure 10 Effect of zeolite content on the overall rate of water adsorption. Symbols: 

(�) PS1, (�) HIPS98, (�) HIPS47, (�) HIPS120, (�) HIPS104. 

 
 The effect of these factors can be seen somewhat better when we plot the overall 

rate of diffusion against the elastomer content of the HIPS polymers (Fig. 11). Contrary to 

capacity, elastomer content clearly increases the rate of diffusion independently of zeolite 
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content. The diffusion of small molecular weight substances is always faster in rubbery 

than in glassy polymers, thus the correlation seems to be evident. On the other hand, 

deviations from the general tendency indicate again the effect of additional factors, 

possibly that of particle size, particle structure (see Fig. 2) and embedding. The deviations 

here seem to be independent of zeolite content suggesting that apart from increasing the 

diffusion path, the desiccant does not influence diffusion much. 
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Figure 11 Influence of polybutadiene content on the overall rate of water adsorption. 

Symbols: (�) 10, () 30, (�) 50 vol% zeolite. 

 

3.4. Discussion 

 

 The detailed characterization of the HIPS grades used in these experiments showed 

that they differ considerably in butadiene content, but also in structure. Both the size of the 

dispersed butadiene droplets and the amount of embedded polystyrene cover wide ranges. 

The addition of the desiccant to HIPS further modifies its structure; at least a part of the 

desiccant is also encapsulated into the elastomer droplets. Although zeolite and elastomer 
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content are the variables dominating both the functional and the application properties of 

our desiccant composites, other factors related to structure also influence them. One 

possible factor mentioned several times before is the particle size of the butadiene 

droplets. In order to check this possibility, we plotted all properties and characteristics 

against particle size as well. The relationship between composite strength and particle size 

is shown for three different zeolite contents in Fig. 12 as an example.  
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Figure 12 Tensile strength of desiccant composites plotted against the size of dispersed 

polybutadiene droplets. Symbols: (�) 10, () 30, (�) 50 vol% zeolite. 

 

Tensile strength seems to decrease with increasing size of the particles. 

Unfortunately, elastomer content also influences strength, as it was shown in Fig. 7, and 

the effect of the two factors cannot be separated. Obviously, we cannot confirm or deny 

the existence of a correlation between particle size and properties. However, in order to 

obtain some idea about the possible influence of the two factors, i.e. droplet size and 

elastomer content, we plotted them against each other in Fig. 13. A clear tendency exists 
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between particle size and butadiene content, but the correlation is rather loose proving the 

influence of other parameters, like polymerization conditions, on particle size. 

Accordingly, also properties must be influenced by structural parameters, but the 

establishment of exact correlations needs further, more detailed experiments and analysis. 
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Figure 13 Correlation between the size of dispersed polybutadiene droplets and 

butadiene content of HIPS polymers.  

 

4. CONCLUSIONS 

  
The experiments carried out with seven high impact polystyrenes and two PS 

homopolymers as reference showed that efficient desiccant composites can be prepared by 

using both types of polymers and zeolites. The water absorption capacity of the 

composites increases strongly with zeolite, but decreases slightly with increasing 

polybutadiene content. The overall rate of water adsorption decreases with increasing 

zeolite content and it is influenced quite significantly by the amount of elastomer as well. 

Zeolite and elastomer content are the main factors determining both functional and 

application properties, but structural parameters also play a role. The size of the dispersed 
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butadiene droplets, the amount of PS embedded into them as well as the encapsulation of 

the zeolite into the droplets also influence all properties in smaller or larger extent. 

However, the determination of exact correlations between these structural parameters and 

properties needs further experiments and analysis. 

 

5. ACKNOWLEDGEMENTS 

 

 The authors are indebted to Levente Kovács and Dániel Bedő for the execution of 

the WVTR measurements, to Ádám Gyürki for sample preparation, to Krisztina László-

Nagy and Ajna Tóth for the adsorption measurements, and also to Eszter Drotár for the 

preparation of TEM micrographs. The research on heterogeneous polymer systems was 

financed by the National Scientific Research Fund of Hungary (OTKA Grant No. K 

101124 and K 108934) and partly by the former Süd-Chemie AG, today Clariant, 

Business Unit Masterbatches on functional packaging materials; we appreciate the support 

very much. One of the authors (KR) is grateful also to the János Bolyai Research 

Scholarship of the Hungarian Academy of Sciences. 

 

  

Page 23 of 28

ACS Paragon Plus Environment

Industrial & Engineering Chemistry Research

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 
 

24 
 

6. REFERENCES 

(1) Rooney, M. L. Active food packaging; Blackie Academic & Professional: London, 

1995. 

(2) Brody, A. L.; Strupinsky, E. R.; Kline, L. R. Active packaging for food 

applications; CRC Press: London, New York, 2001. 

(3) Summers, L. Intelligent packging; Centre for Exploitation of Science and 

Technology: London, 1992. 

(4) Day, B. P. F. Active packaging – a fresh approach. J. Brand Technol., 2001, 1, 32. 

(5) Robertson, G. L. in Food packaging: principles and practice, G. L. Robertson, 

Ed.; CRC Press: Boca Raton, 2006. 

(6) Dobrucka, R.; Cierpiszewski, R. Active and intelligent packaging food – Research 

and development – A review. Pol. J. Food Nutr. Sci., 2014, 64, 7. 

(7) Charles, F.; Sanchez, J.; Gontard, N. Absorption kinetics of oxygen and carbon 

dioxide scavengers as part of active modified atmosphere packaging. J. Food. 

Eng., 2006, 72, 1. 

(8) Byun, Y.; Darby, D.; Cooksey, K.; Dawson, P.; Whiteside, S. Development of 

oxygen scavenging system containing a natural free radical scavenger and a 

transition metal. Food Chem., 2011, 124, 615. 

(9) Busolo, M. A.; Lagaron, J. M. Oxygen scavenging polyolefin nanocomposite films 

containing an iron modified kaolinite of interest in active food packaging 

applications. Innov. Food Sci. Emerg. Technol., 2012, 16, 211. 

(10) Allinson, J. G.; Dansereau, R. J.; Sakr, A. The effects of packaging on the stability 

of a moisture sensitive compound. Int. J. Pharm., 2001, 221, 49. 

(11) Mahajan, P. V.; Rodrigues, F. A. S.; Motel, A.; Leonhard, A. Development of a 

moisture absorber for packaging of fresh mushrooms (Agaricus bisporous). 

Page 24 of 28

ACS Paragon Plus Environment

Industrial & Engineering Chemistry Research

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 
 

25 
 

Postharvest Biol. Technol., 2008, 48, 408. 

(12) Sandhya Modified atmosphere packaging of fresh produce: Current status and 

future needs. LWT - Food Sci. Technol, 2010, 43, 381. 

(13) Shirazi, A.; Cameron, A. C. Controlling relative humidity in modified atmosphere 

packages of tomato fruit. Hortscience, 1992, 27, 336. 

(14) Waterman, K. C.; MacDonald, B. C. Package selection for moisture protection for 

solid, oral drug products. J. Pharm. Sci., 2010, 99, 4437. 

(15) Boschetto, D. L.; Lerin, L.; Cansian, R.; Pergher, S. B. C.; Di Luccio, M. 

Preparation and antimicrobial activity of polyethylene composite films with silver 

exchanged zeolite-Y. Chem. Eng. J., 2012, 204–206, 210. 

(16) Chen, J.; Brody, A. L.Use of active packaging structures to control the microbial 

quality of a ready-to-eat meat product. Food Control, 2013, 30, 306. 

(17) Coma, V. Bioactive packaging technologies for extended shelf life of meat-based 

products. Meat Sci., 2008, 78, 90. 

(18) Zema, L.;  Sangalli, M. E.; Maroni, A.; Foppoli, A.; Bettero, A.; Gazzaniga, A. 

Active packaging for topical cosmetic/drug products: A hot-melt extruded 

preservative delivery device. Eur. J. Pharm. Biopharm., 2010, 75, 291. 

(19) Naveršnik, K.; Bohanec, S. Predicting drug hydrolysis based on moisture uptake in 

various packaging designs. Eur. J. Pharm. Sci., 2008, 35, 447. 

(20) Wong, E. H.; Rajoo, R. Moisture absorption and diffusion characterisation of 

packaging materials––advanced treatment. Microelectron. Reliab., 2003, 43, 2087. 

(21) Ruthven, D. M. Principles of adsorption and adsorption processes; John Wiley & 

Sons: New York, 1984. 

(22) Imre, B.; Keledi, G.; Renner, K.; Móczó, J.; Murariu, M.; Dubois, P.; Pukánszky, 

B. Adhesion and micromechanical deformation processes in PLA/CaSO4 

Page 25 of 28

ACS Paragon Plus Environment

Industrial & Engineering Chemistry Research

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 
 

26 
 

composites. Carbohydr. Polym., 2012, 89, 759. 

(23) Nji, J.; Li, G. A CaO enhanced rubberized syntactic foam. Composites, Part A, 

2008,  39, 1404. 

(24) Ovoshchnikov, D. S.; Glaznev, I. S.; Aristov, Y. I. Water sorption by the calcium 

chloride/silica gel composite: The accelerating effect of the salt solution present in 

the pores. Kinet. Catal., 2011, 52, 620. 

(25) Kim, H.; Biswas, J.; Choe, S. Effects of stearic acid coating on zeolite in LDPE, 

LLDPE, and HDPE composites. Polymer, 2006, 47, 3981. 

(26) Liu, Q.; De Kee, D.; Gupta, R. K. Models of moisture diffusion through vinyl 

ester/clay nanocomposites. AIChE J., 2008,  54, 364. 

(27) Mathiowitz, E.;  Jacob, J. S.; Jong, Y. S.; Hekal, T. M.; Spano, W.; Guemonprez, 

R.; Klibanov, A. M.; Langer, R. Novel desiccants based on designed polymeric 

blends. J. Appl. Polym. Sci., 2001,  80, 317. 

(28) Ragosta, G.; Abbate, M.; Musto, P.; Scarinzi, G.; Mascia, L. Epoxy-silica 

particulate nanocomposites: Chemical interactions, reinforcement and fracture 

toughness. Polymer, 2005, 46, 10506. 

(29) Spahis, N.; Dellali, M.; Mahmoudi, H. Synthesis and characterization of 

polymeric/activated carbon membranes. Procedia Eng., 2012,  33, 47. 

(30) Pehlivan, H.; Özmıhçı, F.; Tıhmınlıoǧlu, F.; Balköse, D.; Ülkü, S. Water and water 

vapor sorption studies in polypropylene-zeolite composites. J. Appl. Polym. Sci., 

2003, 90, 3069. 

(31) C. Kenyó, D. Kajtár, K. Renner, C. Kröhnke, B. Pukánszky, Functional packaging 

materials: factors affecting the capacity and rate of water adsorption in desiccant 

composites. J. Polym. Res., 2013, 20, 1. 

Page 26 of 28

ACS Paragon Plus Environment

Industrial & Engineering Chemistry Research

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 
 

27 
 

(32) Kenyó, C.; Renner, K.; Móczó, J.; Fekete, E.; Kröhnke, C.; Pukánszky, B. Effect of 

desiccant characteristics on the properties of PS/zeolite functional packaging 

materials. Polym. Compos., 2014, 35, 2112. 

(33) Dujkova, Z.; Merinska, D.; Slouf, M.; Pistek, D. Barrier properties of filled high-

impact polystyrene, Proceedings of the 3rd WSEAS international conference on 

Advances in sensors, signals and materials, Faro, Portugal,  2010. 

(34) Rovere, J.; Correa, C.; Grassi, V.; Pizzol, M. Role of the rubber particle and 

polybutadiene cis content on the toughness of high impact polystyrene. J. Mater. 

Sci., 2008, 43, 952. 

(35) Turley, S. G.; Keskkula, H. Effect of rubber-phase volume fraction in impact 

polystyrene on mechanical behaviour. Polymer, 1980, 21, 466. 

(36) Sacher, E. Correlation of impact strength and rubber phase volume fraction in 

impact polystyrene. Polymer, 1980, 21, 1234. 

(37) Wagner, E. R.; Robeson, L. M. Impact polystyrene: Factors controlling the rubber 

efficiency. Rubber Chem. Technol., 1970, 43, 1129. 

(38) Matsuo, M.; Nozaki, C.; Jyo, Y. Fine structures and fracture processes in 

plastic/rubber two -phase polymer systems. I. Observation of fine structures under 

the electron microscope. Polym. Eng. Sci., 1969,  9, 197. 

(39) Rivera, M. R.; Herrera, N. R.; Ríos, G. L. Structure and Properties of Model 

Polybutadienes and HIPS: Effect of rubber microstructure on HIPS dynamic 

mechanical properties. J. Elastomers Plast., 2006, 38, 133. 

 

(40) Correa, C. A.; de Sousa, J. A. Rubber particle size and cavitation process in high 

impact polystyrene blends. J. Mater. Sci., 1997, 32, 6539. 

(41) Nikitin, Y. V.; Shapiro, B. I.; Ballova, G. D.; Vylegzhanina, K. A.; Manusevich, 

Page 27 of 28

ACS Paragon Plus Environment

Industrial & Engineering Chemistry Research

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 
 

28 
 

Ye Ye; Shlyakhova, T. G.; Kislov, Ye N.; Influence of the rubber phase parameters 

upon the elastic properties and internal stress of high-impact polystyrene. Polym. 

Sci. U.S.S.R., 1980, 22, 2981. 

(42) Nikitin, Y. V.  Influence of the parameters of the rubber phase on the viscous 

properties of high impact polystyrene. Polym. Sci. U.S.S.R., 1983, 25, 2918. 

(43) Bucknall, C. B. Toughened plastics; Applied Science Publishers, London, 1977 

(44)  Echte, A. in Rubber-toughened plastics, Riew, K. C. Ed.; Americal Chemical 

Society: Washington DC, 1989 

(45) Nielsen, L. E. Mechanical properties of polymers and composites, Marcel Dekker: 

New York, 1974. 

(46) Lee, W. M. Selection of barrier materials from molecular structure. Polym. Eng. 

Sci., 1980, 20, 65. 

(47) Pukánszky, B.; Tüdős, F.; Kolárik, J.; Lednicky, F. Ternary composites of 

polypropylene, elastomer, and filler – analysis of phase-structure formation. 

Polym. Compos., 1990, 11, 98. 

(48) Pukánszky, B.; Maurer, F. H. J. Composition cependence of the fracture-toughness 

of heterogeneous polymer systems. Polymer, 1995, 36, 1617. 

(49) Móczó, J.; Pukánszky, B. Polymer micro and nanocomposites: Structure, 

interaction, properties. J. Ind. Eng. Chem, 2008, 14, 535. 

(50) Crank, J.; Park, G. S. Diffusion in polymers; Academic Press: London, New York, 

1968. 

(51) Nielsen, L. E. Models for the permeability of filled polymer systems. J. Macromol. 

Sci., Part A: Pure Appl.Chem., 1967, 1, 929 . 

 

 

Page 28 of 28

ACS Paragon Plus Environment

Industrial & Engineering Chemistry Research

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



1. Introduction
The number of functional and smart packaging
materials increases continuously and they are used
already in everyday practice in increasing quantities
[1–4]. The main functions targeted for various prod-
ucts are small oxygen permeability or oxygen scav-
enging [5–7], humidity control [8–12], regulated
ethylene content [13], antimicrobial effect [14–17],
adsorption of odorous materials, or the opposite, the
release of desirable aromas [18, 19]. Intensive
research and development work is carried out on
these materials all over the world, but mostly in
industry.

Controlling oxygen permeability is especially impor-
tant in the pharmaceutical industry and in food
packaging. The oxygen permeability of polymers
varies in a wide range covering several orders of
magnitudes from a few hundred to a few hundredths
or even thousands of cm3·mm/m2/24 h/bar [20]. Eth-
ylene-vinyl alcohol copolymers (EVOH) offer
extremely good protection against oxygen [20–25].
The barrier properties of these materials depend on
ethylene content [23, 26, 27], crystallinity, tempera-
ture [22, 28] and humidity [24, 26–34]. The last fac-
tor represents also the major drawback of EVOH,
since permeability may increase by orders of mag-
nitudes with increasing water content [28]. Various
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solutions exist to overcome this drawback. One of
them is the production of multilayer films consist-
ing of an EVOH barrier layer between polyolefin
outer layers combined by the use of adhesive func-
tional polymers [27, 35–37]. Development led to
the production of packaging films with 9 or 10 lay-
ers combining EVOH, polyamide (PA) and poly-
olefins [38]; microfilms with 30–1000 layers of
0.02–5 µm thickness also appeared on the market
recently [39].
Another approach to decrease the oxygen perme-
ability and water sensitivity of EVOH is modifica-
tion by blending [29, 35, 40–49] or by the produc-
tion of layered silicate nanocomposites [50–57].
EVOH is combined with polyamides the most fre-
quently, but blending results in decreased crys-
tallinity and the desired improvement in permeabil-
ity is seldom achieved. Better results are claimed
with layered silicates which are supposed to exfoli-
ate completely in EVOH, increase tortuosity and
decrease permeability considerably. Unfortunately
the control of structure is difficult in polymer/lay-
ered silicate nanocomposites [58], complete exfoli-
ation is rarely achieved [59], organophilic silicates
are quite expensive and they often discolor the prod-
uct [60]. All the above presented examples prove
the need for solutions, which result in a further
decrease in the oxygen permeability of EVOH.
During the literature study of the topic, we have not
found any indication of using a small molecular
weight additive for the improvement of the barrier
properties of poly(ethylene-co-vinyl alcohol) against
oxygen. The general idea and goal of our project
was to explore this possibility and use N,N!-
bis(2,2,6,6-tetramethyl-4-piperidyl)-isophthalamide
(Nylostab SEED), which was originally developed
for the protection of pigmented polyamides against
light induced decomposition. The additive proved to
be also an efficient nucleating agent in polyamides.
Nucleation of EVOH might increase crystallinity
thus decreasing oxygen permeability and water sen-
sitivity as well. The compound contains several
functional groups, which may interact with the 
–OH group of EVOH thus changing free volume
and offering a further route to modify oxygen per-
meability. EVOH containing the additive in a rela-
tively wide composition range was produced and
various properties were determined in the study. A
detailed analysis of structure and interactions is pre-

sented in the paper to shed light onto the reason of
the observed effects and correlations.

2. Experimental
The poly(ethylene-co-vinyl alcohol) polymer
(EVOH) used in the experiments was the Eval
G156 grade acquired from Eval Europe, Belgium.
Its ethylene content is 48 mol%, density 1.12 g/cm3

and its melt flow index is 6.4 g/10 min at 190°C
and 2.16 kg. The additive, N,N!-bis(2,2,6,6-tetram-
ethyl-4-piperidyl)-isophthalamide (Nylostab SEED,
in further discussion Seed) is the product of Clari-
ant, Germany. The chemical structure of the additive
is shown in Figure 1. It is a sterically hindered amine
(HALS) product, a crystalline material with melting
temperature of 272°C and density of 1.12 g/cm3.
Experiments were carried out at 0, 0.1, 0.2, 0.3, 0.4,
0.5, 0.8, 1.0, 2.5, 5.0, 7.5 and 10.0 wt% additive
contents.
Components were homogenized in a Brabender sin-
gle screw extruder at 30 rpm and 260–270–280–
260°C zone temperatures. The extruder was equipped
with a die of single orifice of 3 mm diameter. The
extruded strand was cooled in air and then pel-
letized. The pellets were compression molded to
plates of 1 mm and films of about 100 µm thickness
at 190°C using a Fontijne SRA 100 machine. Before
processing all materials were dried at 100°C for
4 hours in an oven and then kept in a desiccator
until further use.
Melting and crystallization characteristics and the
possible nucleation effect of the additive were deter-
mined by differential scanning calorimetry (DSC)
using a Perkin Elmer DSC 7 apparatus. The meas-
urements were done on 3–5 mg samples cut from
the 1 mm thick plates. Two heating and a cooling run
were carried out at 10°C/min heating and cooling
rate in the temperature range of 30–300°C. Crys-
tallinity was calculated from the enthalpy of fusion
(157.8 J/g) of the EVOH single crystal of 100% crys-
tallinity [61]. Crystalline structure was also studied
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Figure 1. Chemical structure of the additive used in the
experiments (Seed)



by X-ray diffraction. XRD patterns were recorded
using a Phillips PW 1830/PW 1050 equipment with
CuK" radiation at 40 kV and 35 mA in the reflection
mode. The traces were recorded in 0.04° steps with
a sampling interval of 1 s and a rate of 0.04°/min in
the 2# range of 3–43°. Crystallinity was calculated
from the XRD traces with the method proposed by
Brückner [62].
Molecular interactions were studied by Fourier trans-
form infrared spectroscopy (FTIR). The measurement
were carried out in the attenuated total reflection
(ATR) mode and the spectra were recorded in the
wavelength range of 4000–400 cm–1 with 16 scans
in 4 cm–1 steps using a Perkin Elmer Spectrum 100
apparatus. Molecular modeling was used to check
possible interactions between the additive and the
polymer and to estimate their strength. To reduce
the necessary time and computer capacity to a rea-
sonable level, we selected a small molecular weight
model compound (1,4-buthanediol) representing
the repeating unit of the polymer. We focused only
on specific interactions, i.e. hydrogen bonds, and
neglected dispersion interactions in the analysis. All
the geometry optimizations for the model system
were performed at the density functional theory
(DFT) level using the MPW1B95 (modified Perdew
and Wang exchange and Becke’s 1995 correlation)
functional [63] as well as the 6-31++G** basis set
[64].
The density of the polymer was measured at room
temperature in n-hexane using a pycnometer. A
Systec Instruments Model 8000 apparatus (Thame,
Oxfordshire, England) was applied for the perme-
ation measurements, which were carried out accord-
ing to the ASTM D 3985 standard in three parallel
measurements. The test area and thickness of the
sample were 50 cm2 and about 100 µm, respectively,
for all specimens. Oxygen transmission rate (OTR)
was detected at 23°C and 50% relative humidity.
Mechanical properties were characterized by tensile
testing using an Instron 5566 machine at 115 mm
gauge length and 5 mm/min cross-head speed on
five parallel specimens with 1$10 mm dimensions
according to the ISO 527 standard. The haze of the
samples was determined with the help of a Col-
orQuest (HunterLab, Reston, US) apparatus.

3. Results and discussion
The results are presented in several sections. First, the
effect of the additive on the properties of the poly-

mer is shown and then the structure of the latter is
analyzed in detail. Solubility and interactions are
considered in the next two sections, and then corre-
lations are discussed and a brief reference is made
to consequences for practice in the last section.

3.1. Properties
The main hypothesis of the project was that simi-
larly to PA, Seed will nucleate also EVOH, increase
crystallinity and oxygen permeability decreases as
an effect. The OTR of films is plotted against addi-
tive content in Figure 2.
Permeability decreases at small Seed concentrations
as expected, but increases considerably at larger addi-
tive contents. The initial decrease seems to be small,
but it is approximately 30%, which is more than any
effect achieved by blending and only slightly smaller
than the claimed decrease resulting from the use of
layered silicates (~50%) [55, 56], but without the
disadvantageous effect of the latter. We may con-
clude as a result that the additive influences oxygen
permeability indeed, but the reason for the effect
must be identified by further study and analysis.
Changes in other properties and the analysis of struc-
ture should offer more information about the mech-
anism and origin of the effect. The increase in perme-
ability at large additive content merits further con-
siderations as well. If nucleation and changes in crys-
talline structure result in the improvement observed,
one would expect a saturation effect, OTR remain-
ing constant at large SEED contents. Obviously, some
other, probably structural changes lead to the mini-
mum in the OTR vs. additive content correlation
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Figure 2. Effect of Seed content on the oxygen permeation
of EVOH films



resulting from the superposition of two different
effects.
The influence of the additive on the Young’s modu-
lus of the polymer is presented in Figure 3. The
results strongly corroborate our preliminary assump-
tion, stiffness increases with increasing additive
content presumably because of increasing crys-
tallinity and probably larger lamella thickness [65].
Similarly to OTR, two stages can be observed in the
composition dependence of Young’s modulus as well.
Stiffness increases quite steeply at small and some-
what more moderately at larger additive contents,
above 1.5–2.0 wt%. Ultimate tensile properties are
presented as a function of additive content in Fig-
ure 4. The changes in tensile strength agree more or
less with the results presented in Figures 2 and 3,
i.e. strength increases considerably at small additive

contents. On the other hand, the composition depend-
ence of deformability seems to contradict our initial
assumption. Changing crystallinity leading to larger
stiffness usually results in decreased deformability
and not to increased elongation-at-break. Simulta-
neous increase of strength and deformability often
indicates changing structure, like physical or chem-
ical cross-linking or decreased crystallinity. More-
over, the maximum in both quantities hints also to
further structural changes, to the probability of
phase separation caused by the limited solubility of
the additive in the polymer. A heterogeneous, two-
phase structure with weak interfacial interaction of
the phases could result in the decrease of strength
and deformability at large additive contents.

3.2. Structure
The modulus of crystalline polymers is determined
mainly by crystallinity and the thickness of the
lamella grown during crystallization [65]; lamella
thickness increases with increasing crystallization
temperature, thus also with nucleation [66, 67]. The
heat of fusion proportional to crystallinity is plotted
against additive content in Figure 5. Rather surpris-
ingly crystallinity does not increase, but decreases
with increasing additive content. The detailed analy-
sis of the DSC traces recorded in the two heating and
the cooling runs indicated that Seed does not nucle-
ate EVOH. All quantities related to crystallinity
(heat of fusion, heat of crystallization) decreased
with increasing additive content, the melting tem-
perature was constant in both heating runs and the
temperature of crystallization also decreased as
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Figure 3. Dependence of the stiffness of EVOH plates on
additive content

Figure 4. Ultimate tensile properties of EVOH plotted against
Seed content. Symbols: (%) tensile strength, (&)
elongation-at-break.

Figure 5. Effect of additive content on the crystallinity
('Hm1) of EVOH



Seed content increased. These results clearly indi-
cate that the decrease in OTR as an effect of the
additive is not caused by changing crystalline struc-
ture, but by some other factor or factors.
XRD spectra were also recorded and analyzed in
order to confirm the modification of crystalline struc-
ture. The traces are presented in Figure 6 for selected
compositions. Crystal form does not change at small
additive content, but new peaks appear on the traces
above 2.5 wt% Seed content. Possible changes in
crystallinity cannot be deduced from the traces in
this form, but their quantitative analysis by the
approach of Brückner [62] allowed the determination
of crystallinity, which is plotted against additive
content in Figure 7. The correlation is practically
identical to the one presented in Figure 5, and plot-
ting the two quantities, i.e. the heat of fusion and
crystallinity determined by XRD, against each other
yielded a straight line with negligible scatter (not
shown). These results further confirm that crys-
tallinity does not increase, but decreases as an effect
of the additive, this latter does not nucleate EVOH
and the changes observed in properties are caused
by another factor, probably by interactions.

3.3. Solubility
The extremes in Figures 2 and 4 indicated the mod-
ification of structure, which cannot result from chang-
ing crystallinity, since it decreases monotonously
with increasing additive content. A possible reason
might be phase separation, the limited solubility of
the additive in the polymer. A further indication for
the existence of separate phases was supplied by the
XRD traces presented in Figure 6. Above 2.5 wt%
Seed content new peaks appear in the traces, which
correspond to certain reflections of the additive.
Obviously, the additive is present as a separate
phase in crystalline form at these concentrations.
Changes in the optical properties of polymers may
also reveal phase changes. Crystalline units as well
as dispersed particles are often large enough to
interfere with visible light and this interference
results in considerable haze that is often used for
the characterization of the optical properties of
plastic products. Haze is the total flux of light scat-
tered within the angular range between 2.5 and 90°
and normalized to the total transmitted flux [68].
Haze indicates changes in optical properties more
sensitively than transparency, which is the fraction
of incident light that passes through an object. The
haze value of the plates containing different amounts
of Seed is plotted as a function of composition in
Figure 8. The correlation is very interesting and
clearly reveals all structural changes in the polymer
as an effect of increasing additive content. Haze
decreases at small additive concentrations due to
decreasing crystallinity. At around 2 wt% Seed con-
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Figure 6. XRD traces of EVOH containing various amounts
of Seed additive

Figure 7. Decreasing crystallinity with increasing additive
content as determined by XRD analysis



tent haze starts to increase and reaches practically
100% at the largest additive content because of
phase separation and the presence of large dispersed
particles. These changes agree well both with the
XRD results (Figure 6), but also with the changes in
mechanical properties (Figures 3 and(4).

3.4. Interactions
The functional groups of the additive and the

hydroxyl groups of the polymer may develop rela-
tively strong interactions. Molecular modeling by
using the DFT approach showed that hydrogen bonds
can form between the two substances indeed (see
Figure 9). The two compounds are in the lowest
energy state when the hydroxyl group of the poly-
mer and the carbonyl of the additive are at about
2 Å distance from each other which corresponds to
the distance of hydrogen bonds. The energy of the
interaction is 28 kJ/mol, which is relatively strong.
The interaction should result in a shift of the corre-

sponding absorptions bands in the infrared spec-
trum of the material.
The spectra are presented in Figure 10 for selected
additive contents in the range of the carbonyl vibra-
tion of the amide group (around 1650 cm–1). A con-
siderable shift can be observed at small additive
contents, which seems to level out at larger amounts
of Seed, but the spectra in Figure 10 do not allow a
more precise determination of band shifts. The results
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Figure 8. Effect of additive content on the haze of 1 mm
thick EVOH plates

Figure 9. Formation of hydrogen bonds between EVOH
and Seed; DFT modeling

Figure 10. Shift in the position of the carbonyl absorption of
amide groups with increasing additive content

Figure 11. Effect of additive content on the position of the
carbonyl absorption of amide groups



of quantitative analysis are shown in Figure 11, in
which the position of the carbonyl absorption is
plotted against additive content. The absorption
band shifts more than 10 cm–1 wavelength in the
range of 0–2 wt% additive content and remains con-
stant afterwards. The strong shift corroborates pre-
vious results and further justifies the changes in
structure and properties presented in previous sec-
tions. The results clearly prove that not crystalline
structure, but interactions determine properties in
the EVOH/additive system studied.

3.5. Discussion
The control of oxygen permeation has strong practi-
cal relevance. EVOH is one of the polymers with
the smallest oxygen permeation, but many attempts
are made to improve barrier properties even further
[38, 47, 50, 55]. Most of these approaches failed to
result in sufficient improvement in this property.
Instead of blending or using fillers, we added a small
molecular weight additive to EVOH to decrease
oxygen permeation with positive results. Although
the change in the targeted property is relatively small,
it is significant. Contrary to our original assumption
the additive, i.e. Seed, does not act as a nucleating
agent, but the effect observed can be assigned to
molecular interactions.
Both molecular modeling and FTIR spectroscopy
proved that the –OH groups of the polymer and the
amide groups of the additive strongly interact with
each other and this interaction results in all the
observed changes in properties. Because of interac-
tions, crystallinity decreases somewhat, but the
decrease does not result in smaller stiffness and
strength. At small concentrations the additive dis-
solves in the amorphous phase of the polymer
decreasing molecular mobility. Decreased mobility
results in increased stiffness and strength, but also
increased overall deformability due to the physical
cross-link points created by hydrogen bonds. Smaller
mobility and hydrogen bonds decrease also oxygen
diffusion, the direct effect of which is clearly shown
by Figure 12. Smaller molecular mobility is accom-
panied by decreased free volume resulting in
smaller OTR [69].
Up to the solubility level a very close linear correla-
tion exists between oxygen permeability and the
shift in the position of the carbonyl absorption of
the amide groups. Above the solubility limit, which
is around 2.0 wt% the additive forms a separate

phase. Phase separation leads to a maximum in ulti-
mate tensile properties (Figure 4), the appearance
of new reflections in the XRD spectra (Figure 6)
and the deviation from the straight line in Figure 12.
The results strongly corroborate the effect of the
additive on the structure and properties of EVOH
and show a novel way to control oxygen perme-
ation in such polymers.

4. Conclusions
Poly(ethylene-co-vinyl alcohol) of 48 mol% ethyl-
ene content was modified with N,N!-bis(2,2,6,6-
tetramethyl-4-piperidyl)-isophthalamide to decrease
the oxygen permeability of the polymer even fur-
ther. The results showed that oxygen permeation
decreased considerably when the additive was added
at less than 2.0 wt% concentration. The decrease
resulted from the interaction of the hydroxyl groups
of the polymer and the amide groups of the addi-
tive. The dissolution of the additive in the amor-
phous phase of the polymer led to decreased crys-
tallinity, but also in the decreased mobility of
amorphous molecules. Stiffness and strength, but
also deformability increased as a result. Above
2 wt%, the additive forms a separate phase leading
to the deterioration of properties. The success of the
approach represents a novel way to control oxygen
permeation in EVOH and in other polymers with
similar functional groups capable of strong interac-
tions.
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Figure 12. Direct correlation between oxygen permeation
and molecular interactions (carbonyl shift); full
symbols: below solubility level, empty symbols:
separate additive phase
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