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Abstract: Marine and inland pollution by non-degradable plastic bags and other
plastic articles is a topic of great concern. Natural degradation processes based on
oxidation of plastic pollutants could possibly contribute to limit the extent of pollution.
Thermal degradation of polyolefins in the absence of light by non-polluting pro-oxidants
has not been presented before. In this study, we show that two amines, stearyl
amine and [(3-(11-aminoundecanoyl) amino) propane-1-] silsesquioxane (amino-POSS) in
combination with ferric stearate (FeSt3) tremendously accelerate the thermal oxidation of
polyolefins compared with reference samples. Both amines and FeSt3 are to a large extent
based on renewable resources. Polyethylene and polypropylene samples containing less than
100 ppm of iron and 1% of amine were extremely brittle after 10 days in a circulation oven
in the absence of light. No significant degradation could be seen with samples containing
iron but no amine. In a different application, the initial oxidation of polyethylene can be used
in order to increase its adhesion to cardboard. Excellent adhesion between polyethylene and
cardboard is important for liquid packaging based on renewable resources. Amino-POSS
has been chosen for food packaging applications due to its expected lower leakage from
polyethylene (PE) compared with stearyl amine. Film samples of PE/amino-POSS/FeSt3

blends were partly oxidized in a circulation oven. The oxidation was documented by
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increased carbonyl index (CI) and melt flow index (MFI). The limited extent of oxidation
has been proved by unchanged tensile strength and only moderate changes in elongation at
break when compared to reference polyethylene films containing no FeSt3 or amino-POSS.
The PE/amino-POSS/FeSt3 blends were compression moulded to paperboard. The adhesion
of non-aged blends to paperboard decreased with increasing amino-POSS content which is
in good compliance with an earlier reported lubricant effect of high amounts of POSS in PE.
Thermal ageing of PE/amino-POSS/FeSt3 films prior to coating however led to a significant
increase in adhesion. Improved physical interlocking due to increased MFI and interaction
between C=O of the blends and OH of paperboard can explain the adhesion improvement.
The films were not brittle after thermal ageing, which makes their use in industrial packaging
feasible. A mechanism explaining the role of amines during thermal oxidation of polyolefins
in the presence of iron is proposed.

Keywords: polyethylene; pro-oxidant; amino-POSS; adhesion strength; carbonyl index;
thermal ageing

1. Introduction

Polyethylene (PE) coated paperboard has been widely applied for packaging foods, beverages
and pharmaceuticals because of its low cost, lightweight, non-toxicity, excellent water barrier, good
mechanical properties and processability. Adhesion strength between PE and paperboard is an important
property of such packaging materials [1]. The adhesion was successfully improved by introducing
polar groups such as CO and OH on the surface of PE by oxidative treatment prior to laminating
with paperboard [2,3]. Limited oxidation of PE can be provided by mixing pro-oxidant additives
into PE. Pro-oxidant additives such as stearate salt of iron, cobalt or manganese are often used to
improve the degradability of PE by oxidation [4–7]. The rate-limiting step in the oxidation of PE
mediated by pro-oxidant additives is the decomposition of hydroperoxides. Cobalt and manganese yield
sufficient thermal oxidation rates in the absence of UV light. This is however not the case with iron [8].
The decomposition of hydroperoxides in polyethylene by iron alone is not fast enough to provide rapid
thermal oxidation of the polymer. However, suitable accelerators could increase the decomposition of
hydroperoxides in PE and thus yield rapid thermal oxidation rates with iron as the only transition metal
present. Amines are known to act as decomposer of hydroperoxides [9–12]. Amines could therefore act
as suitable accelerators for iron containing prodegradants.

The application of amines in polyethylene packaging requires food contact approval and no significant
colour or odour contribution from the amine component. Additionally, the amine has to be soluble or
easily dispersible in the polyethylene matrix. Amines derived from fatty acids, such as stearyl amine
or polymer based amines are therefore suitable candidates in order to accelerate the rate of thermal
oxidation rate in polyethylene containing an iron based pro-oxidant.

Many studies have reported that the oxidation of the PE films containing pro-oxidant additive
prevalently produces carbonyl (C=O) on its surface [6,13–19]. The presence of carbonyl group on PE
film surface can lead to an increase in its surface polarity. When such film is laminated with paperboard,
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the adhesion can be improved due to an increase in the interfacial attractive force [20–22]. By using
iron-based pro-oxidants in combination with stearyl amine or polymer based amines, it should therefore
be possible to improve the adhesion of polyethylene to paperboard.

An interesting group of polymeric amines are based on polyhedral oligomeric silsesquioxane (POSS).
POSS is an inorganic-organic hybrid compound with a general formula (RSiO1.5)n, where R is an organic
group, n is the number of silicon atoms (n = 8, 10, 12), and a special molecular structure which is
composed of an inorganic core cage and the functional organic group surrounding the core cage. The
organic groups allow POSS compounds to be easily incorporated into organic polymers [23,24]. POSS
has recently been used in thermoplastics and improve several properties of the materials [25–33]. In our
previous work, small amounts of bio-POSS octa-(ethyl octadeca 10,13-dienoamide silsesquioxanes) was
added to polyethylene (PE) and laminated with paperboard. The adhesion property of this packaging
material was successfully improved when small amounts of POSS have been used. With increasing
POSS amounts, the adhesion between polyethylene and paperboard was decreased, most likely due to
the lubricant effect of the fatty amide based POSS [34]. We have previously based on commodities such
as 3-aminopropyltriethoxy silane and fatty acids. The use of commodities in POSS synthesis provides
a significantly improved cost/benefit when compared with POSS synthesis, which is based on silanes
alone. A high solids air drying paint, where amide substituted POSS is an essential part of the binder
system has been commercialized [35].

In this work, we chose stearyl amine to investigate the oxidation of polyethylene and polypropylene
by iron/amine pro-oxidants in the first part. In the second part, we chose [(3-(11-aminoundecanoyl)
amino) propane-1-] silsesquioxane (amino-POSS) to examine the effect on the adhesion strength of PE
films iron/amine pro-oxidants to paperboard. Amino-POSS is due to its structure and molecular weight
is likely to show lower leakage from PE compared with stearyl amine. It is therefore the preferred amine
for food packaging applications.

2. Experimental Section

2.1. Materials

Low density polyethylene powder (LDPE) was provided by Normatch AS, Gjerdrum, Norway,
with a melting point of 110 ˝C, a melt flow index (MFI) of 20 g/10 min (190 ˝C/2.16 kg) and a
broad molecular weight distribution. According to the manufacturer, no anti-oxidant, no technical
additive, and no catalyst residue are present in this LDPE quality. The pro-oxidant additives were two
masterbatches of ferric stearate (FeSt3) in polyethylene and provided by Nor-X Industry AS (Gursken,
Norway). Masterbatch A had an iron content of 0.36% and Masterbatch B had an iron content of 0.38%.
Both masterbatches contain stearic acid in addition to iron (III) stearate. The concentration of stearic
acid in Masterbatch B is about twice as high as in Masterbatch A. Paperboard was provided by Korsnäs
AB (Frövi, Sweden). Stearyl amine was purchased from Aldrich (St. Louis, MO, USA).

2.1.1. POSS Compound

The POSS compound is [(3-(11-aminoundecanoyl) amino) propane-1-] silsesquioxane or
amino-POSS. It was was previously synthesized in our laboratory by a two-step procedure [35].
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In the first step 3-aminopropyltriethoxy silane was converted to amino functionalized POSS by a
sol–gel process. In the second step, the amine groups were further modified by an amino acid
(11-aminoundecanoic acid). A typical structure of amino-POSS is shown in Figure 1.Polymers 2015, 7 4 
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Figure 1. Typical structure of [3-(11-aminoundecanoyl amino) propane-1-] silsesquioxane
(amino-POSS).

2.1.2. Paperboard

The paperboard has two sides with different colours: An uncoated side (brown) and a pre-coated side
(white) (Figure 2a); Figure 2b shows a scanning electron microscopy (SEM) image of the uncoated side
of the paperboard.
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Figure 2. (a) Two sides of paperboard: (v) pre-coated side and (vv) uncoated side; (b) SEM
images of the uncoated side of the paperboard.
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The uncoated side of paperboard is very rough, containing large fibres. There are many pinholes
and depressions on the uncoated side of the paperboard. As can be observed, the uncoated side of
paperboard is very rough, containing large fibres. The rough surface of the uncoated side of paperboard
is very advantageous for polymer coating mechanical adhesion.

2.1.3. Amine Masterbatches

Amino-POSS was dried at 120 ˝C to fully remove solvent 2-butoxy ethanol which was used in its
synthesis. Masterbatch C was prepared in a twin screw 15 cc micro extruder (DSM; Royal DSM:
Heerlen, The Netherlands) including 90 wt% PE powder and 10 wt% dried amino-POSS.

Masterbatch D was prepared by the same procedure and consists of 90 wt% PE powder and 10 wt%
stearyl amine.

2.2. Sample Preparation

2.2.1. Preparation of PE and PP Film Containing Iron/Stearyl Amine Proxidant

Mixtures of PP or PE and different masterbatches were compounded for three minutes in the twin
screw 15 cc micro extruder (DSM MIDI2000; Xplore Instruments: Geleen, The Netherlands) at 230 ˝C.
The mixtures were compression moulded on a hydraulic compressor (Fontijne TH200; Fontijne Grotnes:
Vlaardingen, The Netherlands) to a film thickness of 0.1 mm. The temperature of the top and bottom
plates of the hydraulic compressor was 180 ˝C, the pressure was 10 MPa, and the total compression
time was 5 min. Samples suitable for mechanical testing with “dumbbell” shape were prepared by using
an appropriate sample puncher (Zwick & Co. KG: Ulm, Germany). The samples had a total length of
67 mm, a width at both ends of 14 mm and a width in the elongation zone of 5 mm. Table 1 shows the
composition of the different mixtures.

Table 1. Compositions of PE or PP mixtures with iron/stearyl amine proxidant ([%] as
[wt%]; masterbatch A, B and D were described in Section 2.1).

Sample Mixture
Iron Masterbatch

[%]
Amine Masterbatch

[%]
Polyolefin

[%]
Iron [ppm] Amine [%]

PP-1 A [2%] 0 PP [98%] 72 0
PP-2 A [5%] 0 PP [5%] 180 0
PP-4 A [2%] D [10%] PP [88%] 72 1
PP-8 B [2%] 0 PP [98%] 76 0
PE-9 B [2%] 0 PE [98%] 76 0
PE-12 B [2%] D [10%] PE [98%] 76 1

2.2.2. Preparation of PE and PE/Amino-POSS/FeSt3 Film

Mixtures of PE, Masterbatch A and Masterbatch C were blended by melt mixing in different ratios
(see Table 2) in which the content of FeSt3 was constantly kept at 0.5 wt% for all samples. The extrusion
temperature of two processes was constantly kept at 180 ˝C from hopper to die section of micro-extruder,
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the operating screw speed was controlled at 50 rpm/min and the resident time distribution profile was
5 min. The blend product was cut into pellets.

Table 2. Compositions of PE/Amino-POSS/FeSt3/blends ([%] as [wt%], mb: masterbatch).

Sample Code
PE (pellet)

(wt%)
mb A
(wt%)

mb C
(wt%)

Composition

PE [%] Fe [ppm] amino-POSS [%]

PE 100 0 0 100 0 0

90505 90 5 5 99 180 0.5

85510 85 5 10 98.5 180 1

80515 80 5 15 98 180 1.5

Thin films of PE and the blends were prepared by compression moulding pure PE powder
and PE/amino-POSS/FeSt3 pellets on a hydraulic compressor (Fontijne TH200; Fontijne Grotnes:
Vlaardingen, The Netherlands), respectively. The film thickness was 0.1 mm. The temperature of the
top and bottom plates of the hydraulic compressor was 180 ˝C, the pressure was 10 MPa, and total time
was 5 min.

2.2.3. Thermal Ageing of the Film

The dumbbell shape samples with the compositions from Table 1 were thermally exposed at 80 ˝C
for 5 or 10 days in an air circulation oven (Termaks 4057; Termaks AS: Bergen, Norway).

The films with the compositions from Table 2 were thermally exposed at 70 ˝C for 3 or 6 days in an
air circulation oven (Termaks 4057; Termaks AS: Bergen, Norway).

2.2.4. Coating on Paperboard

The films with the compositions from Table 2 and the respective thermal ageing were coated on
paperboard by compression moulding coating on a hydraulic compressor (Fontijne TH200; Fontijne
Grotnes: Vlaardingen, The Netherlands). The coating conditions were kept constant at the pressure of
10 MPa and the temperature of the top/bottom plate of 200 ˝C/20 ˝C. The coating process was complete
after cooling down two plates of the compressor to the room temperature by opening cold water system.
The coating time was 3 min.

2.3. Characterization

2.3.1. Tensile Testing of Dumbbell Shape Samples and Respective Thermal Ageing

The mechanical properties of the dumbbell shape samples were determined by tensile testing
according to ISO 527-1 on the device Zwick-Z250 (Zwick International: Ulm, Germany). At least
5 specimens of each film were prepared for tensile testing. The test was run at the speed of 50 mm/min
and room temperature.
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2.3.2. ATR-FTIR and Carbonyl Index (CI)

Attenuated total reflection Fourier transform infrared (ATR-FTIR) was performed in a PerkinElmer
FTIR device (Spectrum One) at room temperature in the wave number range 650–4000 cm´1, at a
resolution of 4 cm´1, and scan number of 4. The result spectrum was reported as absorbance unit (a.u.).

Results from ATR-FTIR analysis were used to determine the carbonyl index (CI). CI is a measurement
of the amount of carbonyl compounds formed during the thermal oxidation and is calculated as the ratio
of the absorbance (A) of carbonyl peak in the region 1700–1780 cm´1 and the CH2 scissoring peak at
1464 cm´1 [13–15]:

CI “
A1700´ 1780 cm´ 1

A1464cm´ 1

(1)

2.3.3. Adhesion Measurement

A T-peel test was performed on a tensile tester (Zwich-Z250; Zwick International: Ulm, Germany) to
determine the adhesion of our samples. At least five T-type specimens (200 mm in length and 15 mm in
width) were prepared for each sample by using JDC-15 mm-10 in sample cutter (Thwing-Albert, West
Berlin, NJ, USA). The polymer coating was peeled at the speed of 30 mm/min. and over a length of
150 mm.

The adhesion value was determined as:

Adhesion “
Peel force

Width
pN{mq (2)

The adhesion strength of the sample was calculated as the average of five adhesion values that
corresponded to five specimens.

2.3.4. Melt Flow Index

The effect of amino-POSS content on melt flow of PE was monitored by melt flow index (MFI)
method on a melt flow apparatus, Davenport 3/80. The materials were fully loaded into a cylinder of
MFI device and then melted at temperature of 190 ˝C. Pre-heating time and extrudate time were set at
5 and 10 min. MFI was expressed as the mass of the material per 10 min extruded through the die of
2.09 mm in diameter and 8 mm in length, under the standard weight of 2.16 kg:

MFI “
Average extrudate weight

T ime
pg{10 minq (3)

2.3.5. Mechanical Properties

The mechanical properties of the film were determined by tensile testing according to ISO 527-1
on the device Zwick-Z250. Test specimens were cut from the film with “dumbbell” shape. At least
5 specimens of each film were prepared for tensile testing. The test was run at the speed of 50 mm/min
and room temperature.
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3. Results and Discussion

3.1. Polyolefin Samples with Iron Pro-Oxidant and Stearyl Amine Accelerator

Tensile Properties after Different Periods of Ageing

The tensile properties of PP and PE samples with iron pro-degradant and stearyl amine accelerator
are shown in Tables 3 and 4. The results show clearly the influence of the stearyl amine accelerator in
PP-4 and PE-12 compared with the reference sample mixtures PP-1 and PE-9. The extreme brittleness
of PP-4 after 10 days at 80 ˝C shows that the stearyl amine accelerators can yield rapid thermal oxidation
rates of polyolefins with iron as the only transition metal present. Increase of iron concentration does
not give a significant increase in the thermal oxidation rate.

Comparison of PP-1 and PP-8 shows that the increased content of stearic acid (about double amount
in PP-1 compared to PP-1) leads to a reduced oxidation rate.

Table 3. Elongation at break [%] after 0, 5 and 10 days of ageing at 80 ˝C.

Sample Mixture 0 Days 5 Days 10 Days

PP-1 652 ˘ 113 210 ˘ 165 8 ˘ 5

PP-2 536 ˘ 261 426 ˘ 367 13 ˘ 13

PP-4 868 ˘ 84 270 ˘ 286 <1 (extremely brittle)

PP-8 669 ˘ 242 720 ˘ 155 569 ˘ 291

PE-9 614 ˘ 311 355 ˘ 361 610 ˘ 331

PE-12 797 ˘ 103 765 ˘ 166 11 ˘ 10

Table 4. Tensile strain at break [MPa] after 0, 5 and 10 days of ageing at 80 ˝C.

Sample Mixture 0 Days 5 Days 10 Days

PP-1 27.1 ˘ 2.1 29.7 ˘ 0.7 22.2 ˘ 2.0

PP-2 27.0 ˘ 1.2 27.3 ˘ 2.7 21.7 ˘ 5.1

PP-4 33.5 ˘ 2.4 28.7 ˘ 2.6 <2 (extremely brittle)

PP-8 30.3 ˘ 1.6 32.7 ˘ 3.1 28.5 ˘ 1.5

PP-9 28.7 ˘ 3.6 30.1 ˘ 2.5 28.4 ˘ 1.3

PP-12 29.7 ˘ 6.9 27.9 ˘ 7.7 12.7 ˘ 3.0

The results also show that processing of the mixtures at the applied conditions is feasible.
Elongation at break of several hundred percent clearly indicate that the samples have not been degraded
during processing.

3.2. PE Samples with Iron Pro-Oxidant and Amin-POSS Accelerator

3.2.1. ATR-FTIR Studies

The ATR-FTIR is a useful technique for characterizing the surface of the material. In this work, the
ATR-FTIR analyses were performed on starting materials and blends from Table 2. The result is shown
in Figure 3. The study of Rao was used for the interpretation of our ATR-FTIR spectra [36].
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The main peaks of PE are 2920 cm´1 and 2851 cm´1 (CH2 stretching), 1471 cm´1 and 1430 cm´1

(CH2 bending), 720 cm´1 (CH2 rocking). The main peaks of amino-POSS are: the absorption peaks
at 3287 cm´1 and 3074 cm´1 are assigned to the hydrogen-bonded N–H stretching (N–H...O=C); two
bands appear at 1640 cm´1 and 1548 cm´1 are assigned to amide I (carbonyl C=O) and amide II (mixed
vibration involving N–H in-plane bending and C–N stretching), respectively. Normally, the intensity
of amide I is stronger than that of amide II. A band at 1271 cm´1 is amide III (mixed vibration of C–N
stretching and N–H bending). Two strong and broad bands at 1119 cm´1 and 1028 cm´1 exhibit Si–O–Si
stretching of the cubic Si8O12 structure. The spectrum of masterbatch FeSt3/PE shows two strong peaks
near 2920 and 2851 cm´1 (CH2 stretching), a strong and sharp peak at 1700 cm´1 (carbonyl C=O of
ester group), 1471 cm´1 (CH2 bending), 1430 cm´1 (stretching vibration of C–O group). The band
characteristic to the symmetric stretching vibration of the group COO appears at 1355 cm´1. The band
from 1298 cm´1 can be assigned to the C–COO vibrations. The interpretation of ATR-FTIR spectrum
of FeSt3/PE is similar to that in other studies concerning the spectrum of carboxylate group [37–39].

As can be observed in Figure 3, the main characteristics of PE, amino-POSS and FeSt3 were
introduced into the spectra of the blends 90505, 85510, and 80515. However, the introduced peaks
are very small due to the low concentration of amino-POSS and FeSt3 in the blends.
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3.2.2. Thermal Ageing

The thermally aged films were characterized by ATR-FTIR and the result is shown in Figure 4.
All spectra of the aged film exhibit the absorption band in the region 1700–1780 cm´1 which is assigned
to carbonyl (C=O) groups, as determined by the overlapping bands corresponding to ester (1737 cm´1),
ketone (1715 and 1717 cm´1). These bands are evidence for the formation of different oxidized products
similar to those found in other studies involving the oxidation of PE [10,13–15]. If comparing the
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intensity of C=O of the film after thermal ageing and that before ageing, it increases with increasing the
ageing time.

The oxidation level of PE/amino-POSS/FeSt3 can be evaluated by the carbonyl index (CI). Figure 5
shows the CI of PE and PE/amino-POSS/FeSt3 film before and after thermal ageing. In general, the CI is
increased with increasing the ageing time. The increase in CI of the pure PE film was negligible. The CI
of the film containing pro-oxidant was higher than that of the PE film, emphasizing the degrading effect
of FeSt3. In fact, there was slight increase in the CI of the aged film 85510, 80515 whereas the CI of
the film 90505 was substantially increased with increasing the ageing time. It strongly reflects that the
oxidation level of the blend was limited when amino-POSS content is increased. Oxidative degradation
of the blends can be detected by FT-IR even if the degree of oxidative degradation is very limited.Polymers 2015, 7 10 
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3.2.3. Melt Flow Index (MFI)

Melt flow index is an inverse measure of the melt viscosity. The higher an MFI, the more easily the
polymer flows under the test conditions. Knowing the MFI of a certain polymer is vital for controlling
its processing. The melt flow properties of our PE/amino-POSS/FeSt3 blends were determined by MFI
testing and are shown in Figure 6.

Neat PE showed a decrease in the MFI after thermal ageing. It suggests that some cross-linking
might have formed by oxidative degradation of PE during thermal ageing [38]. The MFI of the
PE/amino-POSS/FeSt3 blends were decreased with increasing amino-POSS content. However, after
thermal ageing in air circulation oven, the MFI of the blends containing pro-oxidant additives were
increased with increasing the ageing time. In fact, the increase in the MFI of the blends was negligible
after three days but it was considerable after six days of air oven ageing. The blend 90505 after being
thermally aged for six days exhibited the highest MFI value. It indicates that the presence of pro-oxidant
leads to a chain scission of PE during thermal ageing so as to cause a change in the melt indices. The MFI
of the aged blends were also decreased with increasing amino-POSS content. As determined above, the
CI of the sample 90505 was much higher than that of 85510 and 80515. It indicates that the PE chain
scission might be hindered by increasing amino-POSS content.
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Figure 6. Melt flow index of PE and PE/amino-POSS/FeSt3 blends after thermal aging.

3.2.4. Mechanical Properties

The mechanical properties of PE and PE/amino-POSS/FeSt3 films were determined by tensile testing.
Figure 7 illustrates the effect of thermal exposure on the tensile yield strength (σY) and elongation at
break (εB) of films, respectively. It can be recognized that σY of PE/amino-POSS/FeSt3 blend films were
slightly decreased with increasing amino-POSS content (Figure 7a), while εB was moderately decreased
(Figure 7b). The decrease in σY and εB might be due to the presence of amino-POSS aggregates within
the PE/amino-POSS/FeSt3 blends [34].

When the films were thermally aged, their mechanical properties were decreased with the ageing
time. The tensile yield strength of PE and PE/amino-POSS/FeSt3 films was moderately decreased after
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three days of thermal ageing but hardly changed afterwards. The elongation at break of pure PE film
dropped to 261% and 128% from an initial figure of 265% after three and six days of thermal ageing,
respectively. However, the effect of thermal exposure on the εB of the blend films was small. εB of all
the aged films was more than 50% after thermal ageing.Polymers 2015, 7 12 
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Figure 7. Effect of thermal aging on the tensile yield strength (a), an elongation at break
(b) of PE/amino-POSS/FeSt3 film.

As identified above, thermal ageing of PE/amino-POSS/FeSt3 films led to a formation of carbonyl
groups. Increasing the ageing time produced an increase in the intensity of carbonyl peak, as determined
by the CI. It indicates that the polymer chains were cleaved to give a rise in carbonyl groups. Due to
the cleavage of polymeric chains, εB also decreased as the ageing time was increased. The elongation at
break was the most suitable parameter to quantify the degradation. The result of mechanical properties
demonstrates that the film was degraded by thermal oxidation.

The incorporation of amino-POSS into the blends led to a larger reduction on σY and εB of the
blend films (Figure 6b). Furthermore, the presence of amino-POSS reduced the oxidation level of the
blends, as the CI reduced when increasing amino-POSS content in the blends (Figure 4). It reflects that
amino-POSS has an influence on the effectiveness of the pro-oxidant FeSt3.

3.2.5. Adhesion to Paperboard

Adhesions of PE and PE/amino-POSS/FeSt3 blends to paperboard are shown in Figure 8. As can be
seen, the adhesion strength was decreased with increasing amino-POSS content while FeSt3 content was
kept constantly at 0.5 wt%. The standard deviation is relatively small for all our samples (below 50 N/m).
It reflects that the adhesion strength of the blends to paperboard is equally distributed. The reduction in
the adhesion with increasing amino-POSS content may be caused by a lubricant effect of the POSS
compound, as previously reported [34].
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When the film was thermally treated in a circulation oven, its adhesion to paperboard was altered.
The adhesion strength of the aged PE to the paperboard was decreased. It was probably due to a
reduction in the melt flow property of the aged PE, as determined by the MFI testing. Whereas, when
PE/amino-POSS/FeSt3 blends were thermally treated prior to coating, the adhesion to the paperboard
was increased with an increase in the ageing time. Remarkably, the adhesion was improved approx.
30% by thermal treating the blend 90505 before coating on paperboard. The MFI test shows that the
flowability of the blends increased with increasing the ageing time. In this case, physical interlocking
could cause an enhancement in adhesion of the blends to paperboard.
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Figure 8. Adhesion strength of PE/amino-POSS/FeSt3 blends to paperboard.

As identified by ATR-FTIR, there was a carbonyl group which formed on the surface of the
PE/amino-POSS/FeSt3 films. Such groups can interact with hydroxyl groups (OH) of the paperboard
to form hydrogen bonds, as discussed previously [34]. The formation of interfacial hydrogen bonding
interaction can lead to an enhancement in the adhesion of PE/amino-POSS/FeSt3 films to paperboard.

Thermal ageing and ATR-FTIR have not been done simultaneously. Sometimes, ATR-FTIR
measurement has been done several days after ageing ended. The results prove that the oxidation
is stable and is not eliminated due to storage. This is a big advantage compared to flame treatment
or corona treatment, which lasts less than 30 min and has to be applied in-line with packaging
material manufacturing.

3.2.6. Proposed Mechanism for Oxidation of PE by Iron Pro-Oxidant and Amine Accelerator

The initial steps for the oxidative degradation of polyolefins are well known:
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Stearic acid facilitates the transformation of peroxy radicals into hydroperoxides, which is mediated
by oxidation of Fe2+ to Fe3+:Polymers 2015, 7 14 
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The oxidation of Fe2+ to Fe3+ is also crucial for the transformation of hydroperoxides into
alkoxy radicals:
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Alkoxy radicals undergo easily a bond cleavage that leads to oxidized polymer chains. Repeated chain
scission in the polymer main chain leads to brittle materials.
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The role of the amine accelerator is on the one hand the regeneration of the iron catalyst reduction of
Fe3+ to Fe2+:
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On the other hand, the amine can directly lead to transformation of hydroperoxides into
alkoxy radicals:
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Amine radicals are capable of initiating radical formation in the PE backbone while the amine
is regained.
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Other reactions with the involved radicals and substances may occur, such as the combination of
radicals and the reaction of radicals with different substrates. However the proposed mechanism
explains the role of amine as accelerator together with an iron pro-oxidant due to acceleration of rate
limiting steps. Especially, the regeneration of iron after transformation of peroxy radicals into alkoxy
radicals is an important role of the amine. The proposed mechanism is in good compliance with the
experimental results.

4. Conclusions

Stearyl amine and amino-POSS have been used together with ferric stearate (FeSt3) in order to
accelerate the thermal oxidation of polyolefins. Significant acceleration in thermal oxidation of
polypropylene and polyethylene compared to reference materials without amine has been obtained.
A mechanism has been proposed which can explain the role of amines during thermal oxidation
of polyolefins. The regeneration of the iron catalyst seems to be an important role of the amine.
Amino-POSS has been chosen for food packaging applications due to its expected lower leakage from
PE compared with stearyl amine.

The pro-oxidant additive ferric (III) stearate and amino-POSS were introduced into PE by using a
melt mixing method. The effect on the adhesion strength of the resulting PE films to paperboard has
been examined. The oxidative degradation and melt flow properties of the PE were obviously affected
by amine-POSS. Small amounts of amino-POSS resulted in a fast increase of the carbonyl index showing
a fast oxidation. Increasing amino-POSS content did not further accelerate the oxidation. This behaviour
is in good compliance with the main role of amino-POSS as regenerator of the iron catalyst.
The mechanical properties (tensile yield strength and elongation at break) of PE/amino-POSS/FeSt3 films
decreased, but the films still remained flexible. When PE/amino-POSS/FeSt3 films were compression
moulding coated on paperboard, the adhesion strength was decreased with increasing amino-POSS
content which is in good compliance with earlier findings. The adhesion was however increased
when such films were treated at 70 ˝C prior to coating. The adhesion improvement was probably
due to the interaction between OH groups of paperboard and C=O groups of PE/amino-POSS/FeSt3

blends. The physical interlocking due to reduced melt viscosity could be considered as a reason for
adhesion improvement. Processing of coated paperboard in state-of-the-art packaging machines should
be feasible.

From a commercial point of view, it is important to remember that amino-POSS is applied in small
quantities and its manufacturing is based on commodities. On the other hand, the six-day thermal
aging would significantly increase the costs of the final cardboard. Further work should be done in
order to utilize the observed accelerated oxidation within existing packaging manufacturing processes.
The persistence of the oxidation could be used in cases were short storage of films prior to lamination are
part of the packaging manufacturing process. Amount of amino-POSS used, storage time and storage
temperature should of course be optimized for a given process. This has been beyond the scope of
the present work. In contrast to earlier work, where fatty amide substituted POSS has been used,
the adhesion improvement has been obtained by an oxidation process. This aspect could open up the
opportunity for application in different materials and possible enhancement of other properties such as
oxygen scavenging or anti-microbial surfaces.
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