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ABSTRACT 
 
Novel composites based on engineered clays and different types of commercial thermoplastics, which 
exhibit enhanced properties referred to the polymer base materials, are presented. Simultaneous effects 
on enhanced properties occur and affect gas barrier, water permeability and absorption, UV light blockage, 
mechanical and thermal behavior. These composites could have additional capacities such as antioxidant 
and antimicrobial activity when appropriate modifications are made on the clay surfaces. 
 
Additionally, results describing the active performance of clay-based composites in terms of oxygen 
scavenging are presented. In order to demonstrate the efficiency of these novel technologies, oxygen 
scavengers based on engineered iron-based clay and biocompatible catalyst clays were incorporated into 
polyolefin and PET, resulting in materials with high oxygen absorption capacity. 
 
Despite the presence of mineral particles in a transparent polymer matrix, these did not affect significantly 
the optical properties of the composite. The iron-based clays are an exception since the presence of the 
zero-valent iron conferred a black background that in low dossing levels could be seen as fly wing effect (a 
grey semi-transparent layer). 
 
The presented passive and active systems are innovative proposals that can be tailor-made to preserve 
and extend the shelf-life of packaged food and to improve the properties of plastic products used for that 
purpose.  
 
 

 
 
1. Introduction 
 
Food spoilage is one of the most critical 
issues for governments nowadays. It 
represents a problem for the whole society. 
The main reason on the food spoilage is the 
imbalance between production, distribution 
and consumption. One third of the total 
global production is wasted, an equivalent 
of 1.3 billion tons per year [1]. 
 
In the figure 1 it is shown the proportion of 
consumer vs. production to retailing in food 
waste per regions. The data shows per 

capita food losses and waste in kilograms per 
year. 

 
 

Figure 1: Per capita food losses and waste, at 
consumption and preconsuptions stages, in different 

regions [1] 
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The advanced economies are able to 
manage the imbalance creating efficient 
supply chain management systems, but 
they require assistance from supportive 
aids like adequate storage, efficient 
packaging (active and intelligent) and 
careful handling. These elements could 
produce adaptive shelf life control 
technologies that will make these 
imbalances to be significantly reduced. 
Additionally governmental and food control 
authorities need to take actions to establish 
realistic and safe expiration date or time 
limit for consumption for packed food. 
 
One of the most important agents that 
produce food spoilage is oxygen. Oxygen 
and its reactive species (ROS) provoke 
several adverse effects on food and 
beverages. Between these adverse effects 
are losses of organoleptic and nutritional 
properties of food products (degradation of 
flavor oils, unsaturated fats, pigments and 
vitamins), but also the oxygen presence 
could allow the growth of aerobic 
microorganisms that accelerate food 
spoilage. 
 
Special packaging is then required to 
diminish these effects. Different materials 
have been used where oxygen barrier 
properties are required. Aluminum and 
glass have been selected for achieving this 
goal, but their limitations in obtaining 
flexible products and the high temperature 
needed for their recycling have limited their 
use. High barrier polymers like PVDC, 
EVOH, PVOH facilitated the entrance of 
plastics for some applications, but they 
cannot be used alone, due to their 
mechanical and water sensitivity properties, 
but also because of the price. In order to 
achieve a good balance between barrier 
properties, mechanical properties and price, 
conduced to complex systems where 
several layers of different materials are 
used. The main problem appears in the 
recycling, when there is no compatibility 
between the materials of the multilayer 
structures, especially when aluminium or 
chlorine based products are used. 
 
The avoidance of oxygen entrance into the 
packaging that contains the food does not 

resolve the problem of the oxygen trapped 
within the interior of the packaging. The 
vacuum packaging and the modified 
atmosphere packaging (MAP) resolves partially 
this issue. In MAP systems N2, CO2 and other 
gases are flushed before sealing the package, 
and this produces an extension in the food 
shelf life. 
 
The process for avoiding oxygen permeation 
through the package walls is called passive 
barrier packaging. The design and engineering 
of packaging structures based on multilayers, 
polymer blends, surface coatings, or 
composites materials allow the regulation of 
the oxygen permeation. 
 
Other ingredients present either in the 
packaging or in the food are also used to aid 
shelf life extension. The consumers’ 
preference is to eliminate the additives used 
as food preservatives as there are concerns 
about their influence in diseases or allergies, 
but also in the organoleptic properties. In the 
packaging, besides MAP, antioxidants and UV 
absorbers, free radical interceptors and 
scavengers have been used to remove oxygen 
or to prevent it from entering into the 
packaging environment. 
 
Recently, the incorporation of active 
substances into the packaging started to 
revolutionize the ways to trap oxygen in it, 
adding a new step to achieve a more efficient 
shelf life extension. 
 
Oxygen scavengers are materials which, once 
incorporated into the packaging structure, 
bind themselves chemically to that and are 
capable of eliminating large volumes of 
oxygen that either permeate through the 
packaging towards or from the head space. 
[2-4] 
 
Existing commercial technologies for oxygen 
scavengers are based on enzymatic and 
chemical systems. Between the last one, 
systems based on ferrous salts, active zero-
valent iron, ascorbic acid and titania can be 
found. [2, 4, 5] 
 
Some of the commercially available oxygen 
scavengers containing iron are marketed in a 
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sachet format, to prevent imparting color, 
odor and flavor to the product. [6] 
 
The sachet presents the potential risk of 
being misused by the consumer, being 
ingested or contaminating the product by 
leakage from the sachet. 
 
A better way to incorporate the active 
agent seems to be its addition within the 
packaging multilayer structure. This method 
seems safer, more effective and acceptable 
by the consumers. 
 
In this sense, the active packaging research 
is currently focused in the incorporation of 
oxygen scavenger compounds into 
packaging materials. 
 
The zero valent-iron nanoparticles have not 
only been considered as oxygen scavenging 
agents, but they have also been applied for 
remediation and removal of toxic metals 
and organic contaminants of waste waters 
[7-14] or for inactivation of bacteria and 
fungus [15]. However, the incorporation of 
iron-based proprietary bentonite and 
kaolinite in polymeric matrices has not been 
reported until recently, when polymer-
based and more specifically biopolyester-
based composites were described as 
efficient biodegradable oxygen scavenger 
materials for potential use in food 
packaging [16]. 
 
The use of active clays to produce active 
materials has advantages such as raw 
material availability, low cost, and relative 
simple processability and dispersion. Also, 
the incorporation of active clays, often 
termed nanoclays, into polymers could 
additionally improve the passive barrier due 
to the modification of the diffusion path 
imposed by the clay platelets in the 
polymer matrix [17-18] 
 
Also relevant are the basic requirements of 
protection against light to preserve the 
quality of many packaged products such as 
packaged fruits, vegetable juices, among 
others. Opaqueness to light transmission is 
a function that metal and paper can 
provide. As opposed to these, plastic films 
are often transparent materials to UV-Vis 

radiation. Therefore, the design of transparent 
films with enhanced UV protection is very 
important in many packaging applications. 
 
In this paper a group of novel passive and 
active materials, specifically oriented to reduce 
the oxygen permeation and the detrimental 
effects of oxygen to the food content within 
the packaging is described. Passive materials 
based on mineral layered structures have been 
optimized for their use in polyolefins. Active 
materials are focused on oxygen scavenger 
functionality with improved properties referred 
to actual commercial systems. This paper also 
highlights the advantages of using these novel 
nanomaterials to obtain additional features in 
the food packaging industry which are highly 
desirable as UV light blockage, decreased 
water permeability and absorption, added 
antioxidant performance, and transparency. 
 
 
2. Materials and Methods 
 
Commercial proprietary organomodified 
natural kaolinite and bentonite and their 
corresponding iron based and catalyst-based 
oxygen scavengers were manufactured by 
Nanobiomatters S.L. (Valencia, Spain). The 
nanoclays are traded as O2Block® 4X4 
(passive), O2Block® F and O2Block® C 
(active). All engineered clay grades exhibited 
a particle size between 2 and 20 μm. The 
O2Block® C requires the presence of 
hydrogen to develop its activity either by 
using 95:5 N2:H2 in the headspace or by 
addition of a hydrogen generator in the 
polymer  
 
Ethylene-vinyl alcohol copolymer grade 
(EVOH) containing 29 mol% of ethylene was 
supplied by Nippon Gohsei (Osaka, Japan), 
Ethylene vinyl acetate (EVA) Alcudia® PE441 
was purchased from Repsol-YPF (Spain), High 
density polyethylene, HDPE Rigidex® 
HD5226EA (Ineos Polyolefins, Hampshire, UK), 
Linear low density polyethylene, LLDPE, 
Dowlex™NG5056G (Dow, USA), PET LBS 
Soft®, no code indicated (Novapet, Barbastro, 
Spain), Polypropylene, PP Isplen®PR240G1F 
(Repsol YPF, Madrid, Spain) were used as 
polymeric matrices for preparing the 
composites.  
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Coextruded films LLDPE / EVOH / LLDPE 
with an optimized percentage of O2Block® 
4X4 in the EVOH layer, as well as the 
multilayer blank film, were provided by 
Nippon Gohsei.  
 
2.1 Nanocomposites preparation  
 
The passive barrier additive based on 
organic modified kaolin was incorporated 
into EVOH by melt mixing following a 
proprietary method. In the case of EVOH a 
masterbatch containing ca. 10 w/w % of 
the additive was obtained which was later 
diluted to make films. Multilayer films type 
A/B/A with linear low density polyethylene 
in the outer layers and EVOH in the inner 
layer were fabricated by cast co-extrusion. 
The nominal thicknesses of the individual 
layers were 70 µm (layer A) and 10 µm 
(layer B). The masterbatch was diluted with 
pure polymer to reach an optimal w/w % of 
additive. These films were used for 
morphology studies and oxygen 
transmission rate evaluation. 
 
Active clay-filled polyolefin and PET 
composites were prepared in a co-rotating 
twin screw extruder. PET was dried at 90ºC, 
under vacuum for 24 h to remove adsorbed 
moisture. Extrusion processes were 
conducted under 250 rpm, at different 
temperature profiles depending on the 
polymer, and throughput of 7 kg/h 
(polymer + clay). Composite strands were 
chopped into small granules using a 
pelletizer. Finally, pellets were maintained 
in high barrier plastic film bag 
(PET/aluminum foil/LDPE) under vacuum. 
 
Films for passive barrier evaluation were 
prepared by co-extrusion in a three layer 
cast film line (D=40 mm, L/D=28), at 
220ºC flat profile. Typical films thickness 
was LLDPE/EVOH/LLDPE= 70/10/70 
microns. 
 
Films from active composites were prepared 
by compression molding in a hot plate 
hydraulic press. The temperature during 
molding was between 160 and 255ºC, 
depending on the material, and the 
pressure rose up to 48,000 psi. The 
polymer sheets were quenched from the 

melt by rapid immersion in a water bath at 
room temperature.  
 
2.2 Transmission Electron Microscopy 
Measurements 
 
Transmission electron microscopy (TEM) 
examination was performed using a JEOL 1010 
(Jeol Ltd, Akishima, Japan) equipped with a 
digital Bioscan (Gatan) image acquisition 
system. TEM observations were performed on 
ultra-thin sections of microtomed composite 
sheets.  
 
2.3 Oxygen transmission rate (OTR)  
 
The oxygen transmission rate (OTR) of passive 
film samples was measured using Oxtran 100 
equipment (Mocon, MN, USA) at 23 °C and 
different levels of relative humidity. The film 
thickness of the delaminated EVOH layer from 
each sample was measured by using a 
micrometer (model 227, Mitutoyo, USA), and 
then the samples (films of passive composites 
and neat polymers as blank) were previously 
purged with nitrogen before being exposed to 
the oxygen flow. Oxygen permeability was 
calculated from the oxygen transmission rate 
at equilibrium conditions by Eq. (2): 
 
PO2 = (OTR * L) / Δp    (2) 

 
where OTR is the oxygen transmission rate, L 
is the sample thickness, and Δp is the partial 
pressure gradient across the sample. 
 
2.4 Oxygen scavenger capacity  
 
Oxygen scavenging capacity of the active clay 
composites was determined by measuring the 
oxygen content in the headspace as a function 
of time. Samples were kept in hermetically 
closed flasks (250 mL) with ground glass caps. 
Two types of tests were performed: in air at 
100% relative humidity, and in O2-saturated 
tap water – no headspace left. Blank bottles 
with neat polymer films and active sample 
containing bottles were placed in a room at 
23ºC. The headspace percentage of oxygen 
(%O2) was determined using an Oxy 4 mini 
(PreSens - Precision Sensing GmbH, 
Regensburg, Germany). The equipment 
records measurements automatically at 
different time intervals with high frequency. 
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The principle of measurement is based on 
fluorescence decay. 
 
2.5 UV-Vis Spectroscopy tests 
 
Film samples were analysed in the UV-Vis 
range by using a UV-vis spectrometer 
(Helios Omega, Thermo Scientific). 
 
 
3. Results and Discussion  
 
The barrier properties of polymers can be 
significantly modified by the addition of 
inorganic platelets of high aspect ratio 
capable to alter the diffusion path of gas 
molecules. This effect changes the gas 
solubility and other structural parameters in 
the composite. [17] 
 
In the case of polymers containing active 
materials based on phyllosilicates, two 
effects can take place simultaneously. 
 
The first one corresponds to the tortuous 
gas permeation path imposed by the clay 
platelets embedded in the polymeric matrix. 
This is the so-called “passive barrier” effect. 
 
The second one corresponds to active 
oxygen trapping exerted by zero-valent iron 
particles contained on the surface and 
edges of the clay platelets, hence causing 
the reduction of gas pressure permeating 
through the composite. An alternative 
oxygen trapping system is that based on 
metal oxide centers located in the surface 
of the clay platelets which catalyzes the 
hydrogen-oxygen reactions for which 
available hydrogen coming from the 
headspace via MAP or a hydrogen generator 
substance is required. 
 
Since water is needed to trigger the oxygen 
absorption reaction, the higher the 
permeable of the polymer matrix the faster 
activity of the oxygen scavenger. Even 
though polyolefin are considered to have 
good water barrier, the results pointed out 
that water permeability of LLDPE and HDPE 
is high enough to allow the scavenging 
reaction. The effects of storage 
temperature and relative humidity on 

oxygen scavenging activity were assessed in 
the HDPE-iron-based clay composites. 
 
3.1 Morphological analysis 
 
Figure 2 shows a TEM micrograph of the cross 
section of the EVOH middle layer of a film 
structure made of LLDPE / EVOH29 / LLDPE, 
which thickness is 10 µm. The level of 
exfoliation of the clay and the high level of 
orientation of the platelets are observed. The 
extremely high surface area achieved and the 
parallelism between the platelets assures the 
tortuous path behavior for the gases diffusion. 
The aspect ratio is critical to minimize the gas 
permeation. The larger the molecule, the more 
difficult for it to diffuse across the matrix. 
 

 
Figure 2: TEM micrograph showing exfoliated clay 

platelets in EVOH matrix. Clay platelets exhibit high 
degree of orientation which promotes the tortuous path in 

the gas permeation 
 

It has been experienced during the field trials 
that the maximum shear rate applied the 
better is the clay orientation obtained, and as 
a consequence the lower will be the oxygen 
transmission rate measured. 
 
Figure 3 shows clay aggregates where zero-
valent iron particles are formed in the surface 
and in the borders of the platelets. The 
formation of the particles depends on the 
chemical modification conditions, so these 
particles size can be controlled to tune oxygen 
scavenging capacity. The kinetics of the 
oxygen scavenging system will depend on 
exposed surface area and concentration of 
zero-valent iron particles, but also on the 
polarity, hydrophobicity and crystallinity of the 
polymer matrix.  
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Figure 3: Typical TEM micrograph of clay layers with 

round zero-valent iron particles. The distance between 
them significantly improve the available surface area 

for being oxidized 
 

The figure 4 shows clay aggregates where a 
characteristic metallic oxide coating is 
deposited on the surface of the clay like 
breaded. This coated surface is very active 
when reactive oxygen species and a 
hydrogen donor are present, forming water 
in the surface. The advantage of the clay is 
its hydrophilic character, so water 
absorption is capturing partially the water 
present. 

 
Figure 4: TEM micrograph showing clay layers with a 

characteristic metal oxide coating  
 
3.2 Oxygen Transmission Rate Comparison  
 
Figure 5 shows the oxygen transmission 
rate for EVOH and EVOH + O2Block® 4X4 
samples measured at 23ºC and different 
relative humidity levels. The OTR reduction 
at 50%RH is 29% when adding the O2Block 

additive. This reduction in OTR reaches over 
40% when the relative humidity is increased 
to 90%. This effect is very relevant from an 
application point of view because it results in 
increased oxygen barrier performance where it 
can be of more value for EVOH-based 
packaging applications, i.e. at high moisture 
levels. 

 
Figure 5: Comparison between a high barrier EVOH 

containing 29% of ethylene (DT2904RB) and the same 
copolymer compounded with a small amount of an 

engineered clay (not disclosed) (NC7003) at different 
relative humidity 

 
3.3 Oxygen scavenging capacity of films  
 
The produced EVA–iron-based composites can 
scavenge up to 8.5 mL of oxygen per gram of 
composite after 60 hours (see Table 1). 
However, they showed to be more active than 
PP, which may be due to differences in water 
permeability and crystallinity of the matrixes. 
In spite of this the oxygen scavenging 
performance can be tailored for the application 
to achieve oxygen scavenging values higher 
than 15 mL of oxygen/g of polyolefin 
composite. The EVA-catalyst-based composite 
is able to absorb up to 5.6 mL O2/g of 
composite after 60 hours, and composites 
based on PET showed also strong activity by 
immersion, which is a condition similar to 
potential beverage packaging applications (see 
Table 1, Fig 6).  
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Table 1. Comparative oxygen scavenging performance 
of iron-based clay composite with 5 wt.% O2Block® F 

and catalyst based composites with 0.25 wt.% 
O2Block® C in different polymeric matrices (tests 

were conducted in air, at 23ºC and 100% RH, 
excepting active PET composites, evaluated by 

immersion). 

 
Figure 6: Oxygen scavenging test to compare oxygen 
scavenging performance of composites made of iron-

based clays and catalyst based-clays when immerse in 
water to simulate effectiveness in beverage 

applications. Red plot shows a commercial PET based 
system. Blue plot shows a PET composite with a 

catalyst based modified clay. Green plot shows a HDPE 
composite containing 5% of iron-based organic 

modified clay 
 
3.4 UV-Vis light transmission comparison 
 
The results of comparing the PET-catalyst-
based composites with neat PET and PET 
added UV blocker up to 0.25% is 
outstanding, since very small quantities of 
clay can produce up to 60% reduction of 
the transmittance up to 400 nm wavelength 
(UV light range) (see Fig 7). 

 
Figure 7: Transmittance effects of UV blocker vs. catalyst-
based clays in the UV light range. The blue plot shows the 

neat PET, the red plot shows the PET with 0.25% of 
commercial UV blocker and the green plot shows PET 

composites with 0.25% of O2Block® C 
 
3.5 Transparency  
 
The background transparency of the films is 
minimally affected by the addition of 
O2Block® 4X4 and O2Block® C in any of the 
polymers (see Fig. 8 and 9). When the 
thickness of the layer is reduced to 10 μm 
(Fig. 9, EVOH29 + O2Block® 4X4) the effect 
of the inherent color of the clay becomes 
undetectable. Thus, the optical properties are 
outstanding for a clay-based composite.  
 

 
Figure 8: Images of: (Left- Blank) multilayer film with 

central 10 µm thick EVOH29 layer; (Right-Nano) 
multilayer film with central 10 µm thick EVOH29+ 

O2Block® 4x4 layer 
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Figure 9: Typical transparency of: (left) 100 µm film of 
neat PET thick; (right) 100 µm film of PET + 0.25 wt% 

O2Block® C 
 
 
4. Conclusions 
 
An appropriate way to reduce food spoilage 
is the extension of the shelf life of food that 
is suitable for being packed. The storage, 
transportation and handling of food well 
assisted by the right engineered type of 
packaging could extend the shelf life 
significantly. The combination of different 
technologies could allow achieving this goal.  
 
The oxygen is considered as the main agent 
that affect shelf life when conventional 
packaging is used. The blockage and the 
absorption of the oxygen could extend the 
shelf life of the majority of packed food. 
Good barrier structural films, trays and 
bottles, with additional capacity for oxygen 
absorption represent a step forward in 
solving the food spoilage. 
 
This paper shows the capacity of novel 
engineered clays able to be combined with 
different type of commercial polymers to 
significantly reduce the presence of oxygen 
in the inner side of the food packaging. 
 
The capacity of the clays to serve as a 
natural barrier to oxygen when properly 
exfoliated is a fact, moreover when it is 
used with high barrier polymers like EVOH, 
significant improvements are observed. 
 
The incursion of new modifications to these 
natural clays with active ingredients able to 
be oxidize, like the zero-valent iron, or to 
catalyze reactions between oxygen and 
hydrogen to produce water inside the 

plastic, is a significant improvement in the 
way to reduce food spoilage. Moreover, the 
use of natural based and food contact 
approved substance in the development of 
these products is an advantage toward the 
future requirements of the food safety 
authorities. 
 
Several properties analyzed when clays and 
their modified species are used in polymer 
composites, when used in food packaging 
applications provide additional features 
difficult to be obtained by other type of 
additives used in polymers. 
 
These additional features could mark these 
engineered clays as multifunctional. A 
summary of these functionalities is listed 
below: 
 

1. Passive Barrier properties  
2. High speed kinetics water vapor/water 

activation oxygen scavenging  
3. Very good to excellent dispersion  
4. Transparency  
5. Moisture absorption  
6. UV light blockage  
7. Heat distortion temperature enhancer  
8. Antioxidant  

 
Properties 1, 2, 4 and 6 have been 
demonstrated in this paper.  
 
It has been shown that if properly defined, a 
tailor-made product is feasible, so engineered 
multilayer structures can be redefined to gain 
efficiency and to fit into the specific application 
for improved performance. 
 
The combination of passive and active barrier 
properties tailor-made to the specific polymer 
and specific application allows managing the 
oxygen permeation (Oxygen Permeation 
Management – OPM)  
 
 
5. Regulatory Compliance Note 
 
The product design of these novel composites 
is focused in the use of raw materials that are 
included in the positive lists for materials to be 
in contact with food (FDA, EFSA, JHOSPA 
regulations).  
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Despite the fact that engineered clays are 
designed and used by Nanobiomatters to 
achieve plastic composites with a high level 
of efficiency, the resulting clay-based 
products are not intended to be fully 
dispersed or exfoliated. In this sense, 
stringent particle size control is engineered 
to obtain composites rather than 
nanocomposites in commercial products 
that best comply with existing food contact 
legislations and customer requests. In most 
cases, highly functional systems are 
achieved without the need to generate 
nanomaterials. 
 
As such, most of the precursors and the 
engineered clays comply with:  
 

 Indirect food substances affirmed as 
generally recognized as safe (GRAS) 
and Indirect food additives, 
adjuvants, production aids and 
sanitizers of subchapter B of chapter 
I- Food and Drug administration of 
Title 21 (FDA) 

 
 The Proposition 65 of the Office of 

Environmental Health Hazard 
Assessment (OEHHA) as products 
that do not contain any substance 
included in the list of chemicals 
known to the State of California to 
cause cancer or reproductive toxicity 

 
 The positive list of food contact 

substances and polymers of Japan 
Hygienic Olefin and Styrene Plastic 
Association (JHOSPA) 

 
 The active materials compositions 

are in compliance with the article 11 
of the Coalition of Northeastern 
Governors (CONEG) and the EU 
Directive 94/62/EC relative to 
concentration levels of heavy metals 
present in packaging  

 
 The European Commission 

regulation 10/2011, where some 
dossiers are under EFSA evaluation 
and where the resulting migration 
values are below the specific 
migration limits (SML). [19-20]  
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