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The effect of adding hindered amine light stabilizer (HALS) to LDPE agricultural
greenhouse films has been studied under the influence of severe climatic conditions in a
sub-Saharan region over 24 months. The structural and morphological modifications of
the exposed films were analyzed by means of Fourier Transform Infrared (FTIR), Gel
Permeation Chromatography (GPC), and Differential Scanning Calorimetry (DSC). The
evolution of the mechanical properties was carried out by tensile tests. FTIR revealed
HALS slows down significantly the carbonyl (I-C = 6) and vinyl groups (I-V=0.8)
formation during exposure. indicating effective peroxyl radical deactivation by nitroxide,
thus inhibiting Norrish photo-oxidation reactions. DSC analysis supports the above
hypothesis on the stabilizing effect of HALS; the crystallinity index did not increase
notably (5%). This reveals that the chemical structure has not changed much, so as not
to affect the morphology of the films. On the other hand, the vinylidene groups generally
responsible for crosslinking reactions in the beginning of the aging protocol did not
decrease meaning that HALS has also inhibited this type of reactions. However, the
mechanical properties (stress at break by 11% and Young's modulus) of LDPE films are
improved with 11% by early crosslinking reactions may occur through reactions
involving nitroxide and free radicals, that is confirmed by the PDI increasing to 1.364.
Based on these results, the stabilizing action and efficiency of HALS under several
climatic conditions will be discussed.

1. INTRODUCTION

variations, varying wind intensity, moisture, snow, hail,
spreading of agrochemicals, etc. The incidence of all the

The advent of the first hindered amine light stabilizers
(HALS), specifically derivatives of 2,2,6,6-tetramethyl
piperidine and related compounds, in the 1970 s marked a
significant shift in UV stabilization for plastics. Their rapid
adoption was driven by their exceptional ability to inhibit
polymer photo-oxidation, leading to their current widespread
use in the light stabilization of polyolefins [1, 2].

The polyolefins we use daily are mainly high-volume,
rapidly consumed commodity plastics. Among the most
common is low-density polyethylene (LDPE), with a density
of 0.915 g/cm?®. Its highly branched structure leads to a low
crystallization rate and a melting point of approximately
110°C. It has gained its popularity for agricultural greenhouse
coverings because of several advantageous characteristics:
good mechanical and optical properties, low cost and weight,
durability, chemical and corrosion resistance, easy processing,
electrical insulation, good sealing and suitability for a wide
temperature range [3-6].

Nevertheless, LDPE exhibits vulnerability toward the
severe environmental conditions prevailing in sub-Saharan
regions. Among the most adverse factors, one can quote,
intensive solar radiation, strong day-night temperature
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factors undoubtedly leads to the polymer chemical structure
changes. As a result, these factors inexorably lead to the loss
of all the properties of the material and it undergoes severe
aging which has been already described by Abdelhafidi et al.
[7]. Consequently, the service lifetime of this material with a
viable economic performance and an acceptable
environmental impact is directly linked to the capacity of this
materiel to withstand all these environmental factors [5, 8, 9].

However, among all these environmental factors, the sun's
UV radiation is undoubtedly the most harmful and the main
cause of the aging of greenhouse films. Sunlight's energy
spectrum includes visible light (700-400 nm) and infrared
(heat), but even though UV light (400-100 nm) which only
accounts for about 3% of the total radiation, is certainly the
most harmful. Its higher energy allows it to interact with the
chemical structure of the material leading, to inexorable
photochemical reactions that seriously and permanently
damage the chemical structure of the material [10-12].

The interaction between UV radiation and the effect of
temperature during exposure leads to oxidative reactions
responsible to the embrittlement (oxo-degradation) of
polyolefins such as LDPE. Although undesirable for
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agricultural greenhouse covering films, this aging process may
be attractive for plastic waste, as it can result in efficient
fragmentation and reduction in the molecular weight of the
polymer. The photo-initiated formation of oxygen free
radicals, such as macro-alkoxy and hydroxyl radicals, is
responsible for the oxidative degradation of polyethylene
chains. This oxo-degradation process leads to the formation of
functional groups such as aldehydes, ketones, carboxylic
acids, esters, and vinylene groups via the B scission of the
chains in the close vicinity of carbonyls, but also to hydrogen
abstraction, cage and Norrish type reaction [4]. Most of these
reactions involve irreversible chain scission reactions
responsible for the lowering of the molecular weight and/or
crosslinking reactions (mainly at the beginning of exposure),
slightly improving the mechanical properties [8, 10]. For this
reason, Hindered Amine Light Stabilizers (HALS), are
typically added to polymers at levels ranging from 0.01 to 1.0
wt.%. They significantly improve the service lifetime,
resistance, and durability of the polymer without
compromising the mechanical properties [5, 12, 13]. The
effectiveness of HALS as a stabilizer for LDPE has been well
established in previous research.

Gugumus [14] demonstrated that HALS significantly
reduces the rate of carbonyl group formation in LDPE films
exposed to accelerated weathering. He also highlighted that
stabilizers offer superior performance compared to
conventional antioxidants, especially when co-formulated
with UV absorbers.

Kaci et al. [15] investigated the effectiveness of HALS,
particularly Chimassorb 944 and Tinuvin 622, in LDPE films
exposed to more than 650 days of natural weathering. Their
research showed that it significantly reduces the rate of ketone
group formation, thereby preventing Norrish I and II reactions
responsible for chain scissions. Consequently, stabilized films
exhibited superior retention of elongation at break and less
surface damage compared to unstabilized controls, thus
demonstrating effective polymer matrix stabilization.

Scoponi et al. [16] explored the depletion kinetics of
Hindered Amine Light Stabilizers in LDPE films subjected to
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outdoor aging. They observed a progressive decrease in
stabilization efficiency, directly correlated with the loss of the
HALS additive, a process which was monitored continuously
using UV and FTIR spectroscopy.

Kerboua et al. [17] completed this approach by creating a
kinetic model designed to forecast the half-life time of the
mechanical properties (such as stress and elongation at break)
in HALS-stabilized LDPE. Their model's predictions closely
matched experimental data from both thermal and photo-
oxidative aging.

Additionally, the research by Ma et al. [18] demonstrated
that Hindered Amine Light Stabilizers are crucial in producing
a thermally stable and highly effective additive through their
intercalation into Layered Double Hydroxides. This additive
increases the durability and extends the service life of
polypropylene, thus preserving the mechanical properties and
the aesthetic aspect of PP exposed to UV light.

Hindered Amine Light Stabilizers effectively slow photo-
oxidation. Their structure, featuring -NH groups sterically
hindered by four methyl radicals on adjacent carbons, allows
them to react with harmful intermediates like hydroperoxides
and free radicals (formed during thermal or oxidative
processes). A key feature is their regeneration after each
reaction cycle, ensuring continuous stabilization. Factories
have extensively used this material to preserve the brightness
and flexibility of polymeric films, a benefit attributed to its
highly efficient peroxyl radical abstraction capabilities [19-
21]. These light stabilizers function by scavenging free
radicals. The process involves nitroxyl forming in the presence
of light and oxygen, which then regenerates by reacting with
peroxyl radicals, as described by Kurumada's mechanism
(Figure 1) [22]. HALS don't eliminate degradation, but they
effectively slow it down by either disarming free radicals or
breaking down hydroperoxides. The best additives are those
that can regenerate themselves in a continuous cycle. In
addition to suppressing excited states, many of these
molecules also deactivate excited carbonyl groups that are part
of the polymer chain [14, 20, 21].

Figure 1. Mechanism HALS action proposed [22]

Previous research has explored the effect of Hindered
Amine Light Stabilizers on the photo-thermo degradation of
Low-Density Polyethylene (LDPE) under both artificial aging

442

and moderate outdoor climatic conditions. However, studies
on the impact of HALS in more extreme and harsh
environments, such as the Sub-Saharan regions of Algeria,



remain notably scarce. Early investigations have primarily
focused on the ability of HALS to inhibit ketone group
formation, which results from chain scission reactions. A
significant gap exists regarding the influence of the stabilizer
on the reticulation (cross-linking) mechanism. Specifically, it
remains unclear whether the stabilizer promotes or inhibits
cross-linking reactions during the exposure of stabilized
LDPE films, particularly under the harsh climatic conditions
in the region of Laghouat. It is also crucial to determine the
effect of these reactions on the improvement of LDPE's
microstructure and mechanical properties.

This study presents an investigation carried out to highlight
the effect of natural weathering in a Sub-Saharan region
(Laghouat), on the microstructural and mechanical properties
of HALS-stabilized LDPE films. This will give a good insight
about the aging of such materials under severe climatic
conditions and will provide a good understanding on the
stabilizing action of a commercial Hindered Amine Light
Stabilizer. It will also allow assessing the efficiency of the
HALS stabilizer system on the photostabilization of single-
layer low-density polyethylene (LDPE) films and to predict
the lifespan of this type of material.

To achieve this objective, an aging protocol was carried out
and a series of physicochemical analyses such as FTIR, curve
fitting, DSC, GPC and mechanical tensile tests were
implemented.

2. EXPERIMENTAL
2.1 Material

The material used for this study is a commercial low-density
polyethylene film used for greenhouse covering stabilized
with a UV stabilizer is derivatives of 2,2,6,6-tetramethyl
piperidine (Hindered amine light stabilizers, HALS), the
commercial name and chemical composition of the product are
confidential information of the company = and cannot be
disclosed to avoid any eventual conflicts of interests.

The polyethylene used is supplied as pellets by the Saudi
Basic Industries Corporation (Sabic) SABIC, the density of the
pellets is 0.92 g/cm?. The stabilizing system (Master Pistachio,
IR-UV REF. 70088) consists of ultraviolet absorbers, a
hindered amine light stabilizer (HALS) and a special kaolin
mineral filler at a concentration of 7000 ppm to 10000 ppm
which represents (7% to 10%) of the product, for a film with a
thickness of 200 um. Such a composition allows preserving 50
percent of the original mechanical properties of the film for at
least two agricultural seasons. The melt flow index (MFI)
realized on the raw material was found to be 0.3g/10 min.

The pellets were processed in a twin screw extruder at the
SofiPlast Company located at Sétif (Algeria). The processing
temperature was fixed to 175° and the film was blown in a
continuous process characterized by a bubble diameter of 4.4
m and a drawing speed of 15 cm/s. The thickness of the film
was 180 pm.

2.2 Weathering protocols and sampling

Weathering of HALS stabilized LDPE films was performed
in a sub-Saharan facility in Laghouat, Algeria, (33°48’N,
20°56°E) according to the ISO 4607 standard. The average
duration of the aging protocol was 24 months with a sampling
every six months.
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2.3 Fourier transform infrared spectroscopy (FTIR)

The microstructural changes undergone by the polymer
were determined by means of a Fourier transform infrared
spectrophotometer (FTIR) (Spectrum Two, maintained by
PerkinElmer, USA). Infrared spectra were collected and
recorded in transmission mode, over the range from 4000-400
cm™! (corresponding to wavelengths ranging from 2.5 to 25
um) at a 4 cm™! optical resolution and using 32 scan repetitions.
This technique requires no special sample preparation.

OriginPro software package (version 8.6) was used to
calculate the optical density of the chemical species
developing during aging, such as carbonyl ( I-C) and
unsaturation (I-Vinyl; I-Vinylidene) Egs. (1), (2), and (3). This
was achieved by integrating the area of the absorbance bands
corresponding to these species in the FTIR spectra presented
in absorbance mode. The absorbance band at 2020 cm™! was
selected as an internal reference [23].
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2.4 Differential scanning calorimeter (DSC)

The degree of crystallinity of the samples was determined
in the standard way from the heat of fusion DHf, by means of
a differential scanning calorimeter (PerkinElmer DSC 7)
interfaced to a microcomputer controller. The samples (about
10 mg in weight) were heated from 25°C to 200°C with a
heating rate of 10°C/min in an inert atmosphere (N>).

The mass-based degree of crystallinity (Xindex)Was
calculated with reference to the thermodynamic heat of fusion
of 100% crystallized polyethylene (AHf=285 J/g) by the
relationship [24]:

Xindex = AHf/AH] (4)

The calibration procedure for the PerkinElmer DSC 7
involves powering on the system and allowing it to stabilize
for 30 minutes with a nitrogen purge flow of 20-50 mL/min,
then adjusting temperature and enthalpy by running a scan of
5-10 mg of indium (AHf= 28.45 J/g, T, = 156.60°C) from
30°C to 180°C at 10°C/min, recording the melting temperature
onset near 156.6°C and heat of fusion around 28.45 J/g,
correcting the Pyris software accordingly, and finally
verifying and documenting the calibration by rerunning the
scan.

2.5 Tensile tests

Tensile tests were performed on the INSTRON 2752-005
tensile testing machine, manufactured by the global
mechanical testing systems leader Instron (a division of ITW,
USA), connected to a computer. The crosshead speed to
measure the ultimate properties (yield, fracture) was set at 100
mm/min. The tests were carried out according to the NF T54-
102 standard. The specimens with a rectangular shape were cut



with the following sizes 0.18mm thickness (To), 10 mm width
(Wo), and 90 mm length (Lo).

The tests were conducted at 23°C and 50% relative
humidity. The mechanical greatnesses such as the stress, strain
and the modulus were calculated from the stress-strain curve.

The strain at break ey, highlighting on the ductility changes
of the films was determined at the end point of the curve
preceding the specimen failure [25].

The stress at break oy, occurring at the maximum strain &
was calculated using the initial cross-sectional area.

The Young’s modulus was determined in the same
experimental conditions but the crosshead speed of the
machine was set, this time at 1 mm/min.

2.6 Gel permeation chromatography (GPC)

The analyses were performed using a Waters 2487
chromatograph equipped with two columns Styragel HT (106
A) connected in series and with a refractive index detector.

0.1 wt.% LDPE taken from the unaged and aged films was
prepared as solution by dissolving it in dimethyl benzene
(xylene) at 50°C. A volume of approximately 0.2 ml taken
from the solutions was injected under a flow of xylene at a rate
of 1 mL.min™'.

From the chromatograms, the number average (Mn) and the
weight average (Mw) molecular weight were calculated by
determining the weight of the moles of the i species (NiMi)
which corresponds to the detector signal (hi) at its respective
retention time (tri). Ni being the number of moles of the
species i with the corresponding molecular weight Mi) Egs. (5)
and (6) [26, 27].

Mw = Xhi Mi (&)
w = 1 X m
M >hi
n=—-—-—
hi (6)
2 (i)
Mw
PDl = — 7
"o (7

where,

Mi: Molecular weight of the species i, corresponding to the
retention time (tri)

PDI: Polydispersity index

3. RESULTS AND DISCUSSION

3.1 Kinetics of chemical species evolution during ageing
determined by FTIR

Plastic films when exposed to severe climatic conditions
undergo serious modifications of their properties. However,
HALS stabilized LDPE plastic films when exposed to the
same conditions experience a much slower loss of their
properties. In any case, aging leads to serious modifications of
the material's molecular structure which results in the loss of
its flexibility followed by a dramatic embrittlement. Indeed,
unstabilized LDPE films only become brittle after 8 months of
exposure [7]. However, adding a stabilizing system to the
films significantly delays these effects which occur after an
exposure time three times longer (i.e., after 24 months).

Infrared analysis performed on the stabilized LDPE films
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revealed the growth of some specific spectral regions with
aging. In the increasing direction of the wavenumber, it was
observed that changes in the double bonds’ region (880-980
cm™), in the absorption range of carbonyls (1680-1800 cm™),
and in that of hydroxyl groups (3300-3700 cm™).

Figure 2 shows the variation of carbonyl and unsaturation
indexes as a function of aging time. Carbonyl and vinyl
indexes vary very similarly; this suggests that the formation of
these two species is governed by a common reaction
mechanism.

The addition of HALS stabilizer to LDPE leads to a longer
induction time, which is approximately 12 months before the
onset of carbonyl and vinyl group formation.

Therefore, polymer oxidation is delayed and the final
carbonyl concentration remains relatively low at the end of the
aging protocol (Figure 2).
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Figure 2. Variation of the: a) carbonyl index and b) vinyl,
vinylidene index, of HALS-stabilized LDPE

The vinylidene groups’ index remains relatively constant
over 18 months of exposure. This allows supposing that this
chemical species is not involved in the complex chemical
mechanism of aging. However, this could also be due to the
simultaneous formation and consumption of this chemical
species and that throughout the aging protocol (Figure 2).

It can be observed that the LDPE films stabilized with
HALS show a slower increase of the carbonyl and unsaturation
indexes compared to those of the unstabilized ones [21]. This
suggests that the HALS stabilizer provides an effective
inhibition effect on the formation of oxidation products
particularly those coming from the Norrish type I and II
processes [7].

3.2 Evolution of crystallinity of HALS-stabilized LDPE
during aging identified by DSC

Figure 3 shows the variation of the crystallinity index of
LDPE stabilized with HALS as a function of exposure time.

The unexposed material exhibited an initial crystallinity
index of 28.1%. The latter increased linearly over the first 6
months. However, it continued to increase throughout the
aging protocol at a near constant rate to reach a crystallinity
index greater than 33%.
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Figure 3. Variation of the crystallinity index of HALS-
stabilized LDPE

This modest increase in the crystallinity index, of only 5%
reveals the positive role of HALS in preventing drastic
morphological changes in the material. Indeed, this suggests
that the stabilizer hindered the formation and/or the mobility
of short chain segments to form new crystallites or to diffuse
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toward the existing ones. The increase in crystallinity index is
usually due to a secondary crystallization process occurring
after the formation of short-chain segments from chain
scissions, which can either diffuse towards the existing
lamellae, thickening them, or form new crystallites [28, 29].
In semi-crystalline polymers, the amorphous regions of
polymers are generally considered the primary sites for photo-
oxidation reactions due to the greater and easier diffusion of
oxygen compared to the more compact crystalline regions.
Chain scissions that occur during this oxidation process can
promote chemo-crystallization, a type of secondary
crystallization observed at low temperatures. Consequently,
photo-oxidation can induce changes in both the molecular
weight distribution and the crystallinity index of polymers,
leading to notable changes of the mechanical properties [8].

3.3 Evolution of the mechanical properties of HALS-
stabilized LDPE films during aging carried out by tensile
tests

In Figure 4, the variation of the stress and strain at break and
also the Young's modulus as a function of the exposure time
of HALS-stabilized LDPE.

After a slight increase of approximately 11% of the stress at
break after six months of exposure, it begins to gradually
decrease until the end of the aging protocol. The rate of
decrease between the beginning and the end of the aging
protocol is approximately 23%, while the difference between
the highest and lowest value is approximately 34% (Figure 4).

1200

®)

)
8

Elongation at break ¢, (%
g
A

T

18

Ageing time (months)

Figure 4. Variation of the: a) stress at break o, (MPa), Young’s modulus E (MPa), b) strain at break e, (%) of HALS-stabilized

The variation of this mechanical quantity is closely related
to the chemical changes undergone by the polymer molecular
structure which is also accompanied by morphological
changes. At the beginning of the aging protocol cross-linking
and chain scission reactions are in competition; the former are
responsible for the improvement of the stress at break while
the latter lead to its decrease. For Young's modulus, this
duality between chain scissions and crosslinking has the

LDPE
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consequence of decreasing it when the former are dominant
and increasing it when the latter are. This appears on the graph
since it decreases in the first six months from 241 to 200 Mpa
and then known a progressive increase until the end of the
aging protocol to reach 335 Mpa (Figure 4). That is, between
the two extreme values, an overall increase of 135 MPa (or
67%). Young's modulus provides information on the elasticity
of the material. An increase in elasticity means stiffening.



However, stiffening results from two effects: chain scission,
which causes a chemo-crystallization process leading to an
increase in crystallinity concentration, and crosslinking, which
also contributes to reducing chain mobility, making their flow
more difficult. Therefore, the material goes from a viscoelastic
behavior to a brittle mode of fracture [25, 29, 30].

Indeed, the elongation at break gives a good insight into this
transition (Figure 4). The decrease of this greatness is closely
related to the length of the chains. At the beginning of aging,
the competition between chain scissions and crosslinking
delays the sharp drop in the elongation at break. At an
advanced stage of aging, the predominance of chain scissions
leads to a sudden drop in the elongation at break. The overall
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decrease in the elongation at break is about 45% after 24
months.

3.4 Variation of the number-average molecular weight and
the polydispersity index of HALS-stabilized LDPE film,
determined by GPC

The variation of the number average molecular weight (Mn)
and the weight average molecular weight (Mw) as well as the
polydispersity index (PDI) of the HALS-stabilized LDPE film
as a function of aging time is shown in Figure 5. It can be
observed that both quantities Mn and Mw vary in the same
way (Figure 5).
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Figure 5. Variation of the: a) weight (Mw), number (Mn) average molecular weight, b) polydispersity index of HALS-
stabilized LDPE

In fact, the average molecular weight increases during the
first six months and then decreases steadily until the end of the
aging protocol. This increase in average molecular weight
indicates an increase in chain length during this exposure
period, most likely due to the predominant crosslinking
reactions at the beginning of the aging protocol [31].
Consequently, this affects positively the elongation at break
which is closely related to the chain’s length. Conversely, the
decrease in average molecular weight indicates a decrease in
chain lengths due to the predominance of chain scissions.
From a mechanical point of view this leads to a progressive
and rapid reduction in the elongation at break. However, it can
still be stated that the presence of the stabilizing system
allowed the films to last quite a long time, up to 24 months.

The polydispersity index (PDI) gives a good insight into the
molecular chain’s length. Although the (PDI) does not vary
very significantly since it remains in a range of values going
from a little less than 1.34 to 1.364. The increase of (PDI)
during the first six months supports the assertion made just
above that crosslinking reactions are predominant in this
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period of the aging protocol increasing as such the chains
length (Figure 5). Increasing of the chain lengths leads to
higher molecular weight (Mw) therefore the Gaussian
molecular weight distribution becomes broader. Afterwards,
the progressive increase of (PDI) argues in favor of a
continuous process of chains scission, lowering the molecular
chain lengths [8, 31]. As stated earlier, this results in a decrease
in (Mw) and hence a broadening of the molecular weight
distribution. The last value of (PDI) which is a little bit greater
than 1.36 indicates that the chains length becomes shorter
consequently to the chain’s scission process. GPC analysis
supports the assumptions made by mechanical analysis, both
providing good insight into the interaction between aging and
structural changes undergone by the material.
Photo-oxidation taking place at the early stages of the aging
protocol is generally accompanied by crosslinking and chain
scission reactions. The former noticeably increase the average
molecular weight, while the latter cause it to fall dramatically.
The polydispersity index is a good indicator of the effect of the
two reactions on the distribution of molecular chain lengths



[8]-
3.5 Discussion

In the previous sections both physicochemical and
mechanical analyses have revealed significant variations
indifferently in molecular structure, morphology, and
mechanical properties. The main reason of these changes is
mainly due to an unavoidable photo-oxidation process of the
molecular chains. In a previous work, it has been demonstrated
by means of spectroscopic analysis that the consumption of
vinylidene is rather related to the formation of crosslinks,
while the subsequent formation of vinyls and carbonyls is a
good indicator of chain scission processes [23, 24].

In the present case, the addition of the HALS stabilizer has
inhibited the carbonyls and vinyls formation during the first 6
months of the aging protocol. Even beyond this period of time
the formation of these two chemical species remains relatively
low. This could indicate that the oxidation mechanism of
LDPE, which is mainly governed by the Norrish type I or
Norrish type II processes, is significantly reduced.
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The stabilization mechanism responsible for the molecular
chain’s oxidation inhibition has been described by the
Desinove cycle (Figure 6). The nitroxide (NO-) (resulting from
the oxidation of the amine group of HALS) scavenges the
radicals (coming from the abstraction of a hydrogen atom of a
methylene group in the chain) via a reaction cycle leading to
the formation of an alkyloxyamine (NOR). The latter reacts
with a peroxyl radical (ROO¢) to form a peroxide (ROOR')
and releases at the same time a nitroxide generated by the
Denisov cycle (Figure 6). In the absence of HALS, the peroxyl
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radical can react with labile hydrogen to form a
hydroperoxide, which then, after the cleavage of the —O-O-
bond leads to the formation ketone. However, the presence of
ketone groups promotes chain scission via the NI and NII
processes.

In this context, the alkyloxyamine and the alkyl radical react
to form a —O-O- bridge regenerating the nitroxide. In this way,
the radical chain reactions that lead to polymer photo-
oxidation are interrupted [32-34].

Nitroxide formation mechanism, as presented in Figure 7,
has been proposed by Gugumus [ 14] who proposed that HALS
(hindered amine light stabilizer) acts as a quencher for the
complex formed between oxygen and the polymer. In this way,
HALS acts as a stabilizer. This means that it prevents the
harmful reaction between oxygen and the polymer by
interacting with the oxygen-polymer complex to form
nitroxide (3).

While Sedlar et al. [35] consider that the formation of
nitroxide may occur via a two-step reaction. Since a
hydroperoxide can react with an amine group of HALS to
produce an alkoxyamine. Then this alkoxyamine reacts with a
peroxy radical, leading to the formation of a nitroxide,
reactions (4) and (5).

In the mechanism proposed by Carlsson and Wiles [36], a
secondary amine (NH) reacts with a peroxy radical, leading to
a nitrogen radical and a hydroperoxide, reaction (6). The
nitrogen radical in the presence of an aliphatic chain reacts by
removing hydrogen from the aliphatic chain reaction (7).
Surrounded by oxygen and with the hydrogen atom it will
react to form a hydroperoxide (NO-OH). This last one being
unstable leads to the cleavage of the —O-O- bond to form
nitroxide and alcohol, reaction (8).

As suggested by Geuskens and Nedelkos [37], the reaction
between an amine radical with a peroxy radical leads to the
formation of a chain aliphatic alcohol and nitroxide, reaction
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Figure 8. Crosslinking reaction of HALS-stabilized LDPE

HALS stabilizer has an effective effect on postponing aging
of the polymer. The oxidation rate of the material is strongly
lowered delaying as such all the harmful effects of aging such
as the decrease of the ultimate mechanical properties the
stiffening of the material. On a morphological point of view
the crystallinity does not change significantly, indicating that
the molecular structure is also somewhat stable and does not
undergo meaningful changes. However, it can be noted that
the main event occurring at the beginning of exposure is the
moderate consumption of the vinylidene groups which results
in the formation of crosslinking. This assumption is comforted
by the increase of the average molecular weight and the tensile
strength. Whereas, this reaction in stabilized films remains



however limited compared to the unstabilized. The
crosslinking reactions in stabilized LDPE do not occur at
vinylidene sites, as evidenced by the stable vinylidene index
during degradation. However, in unstabilized LDPE,
vinylidene groups are consumed by crosslinking reactions
during natural aging [8, 29].

The mechanism of crosslinking in stabilized LDPE involves
reactions between nitroxide radicals and alkyl radical, or
alternatively between two alkyl radicals, and two peroxyl
radicals (Figure 8). This explains why vinylidenes do not
change significantly despite crosslinking formation [38-40].

4. CONCLUSIONS

This work highlights the effectiveness of HALS in
preventing the photo-oxidation of LDPE films during natural
ageing, and how the stabilizer inhibits the photo-degradation
process. The analysis by different characterization methods of
film samples taken up at regular interval over 24 months of
exposure has allowed the following assertions.

The most significative products revealing the photo-
oxidation process of the films during weathering are carbonyl
groups. After a long induction time of almost 6 months and a
slow progression until 12 months these chemical species
experience an auto-accelerated formation until the end of the
aging protocol. The same behavior was also observable for the
vinyl groups. These two chemical species are known to be key
products indicating aging of this polymer and they are
generated and linked by a reaction mechanism which is
common to them. Such a kinetic of these two species reveals
the inhibiting effect of HALS during the early stage of
exposure. This beneficial action of HALS on slowing down
the aging of films is also supported by the variation in the
crystallinity index.

Therefore, the high efficiency of hindered-amine light
stabilizers (HALS), encompassing amine and amino ether
derivatives of 2,2,6,6-tetramethylpiperidine, in inhibiting
polymer photo-oxidation is mainly attributed to a complex
series of reactions involving scavenging of the reactive alkyl
and peroxyl radicals produced during the oxidation processes.

During the polymer exposure, the nitroxide (NO.) (resulting
from the oxidation of the amine group of HALS), which can
react with alkyl radicals to form an alkyloxyamine. Then, these
alkyloxyamine react with peroxyl radical, leading to their
dissociation and to the regeneration of nitroxide radicals,
which are then available to scavenge again further alkyl
radicals.

Therefore, HALS of different structures undergo
interconversion within cyclic pathways, effectively inhibiting
species that can promote polymer aging and generating species
that provide protection against it.

During the initial six-month exposure period, the presence
of HALS in the film improves its mechanical properties (i.e.
Stress at break and Young's modulus). This improvement is
consistent with the observed increase in the number-average
molecular weight, providing evidence that crosslinking is the
main reason of the improvement of the mechanical properties.

According to this work, crosslinking occurs through two
possible radical reaction pathways: one involving an alkyl
radical and a peroxyl radical, and the other involving an alkyl
radical and a nitroxide. Therefore, the stabilizer plays a
significant role by promoting crosslinking reactions during the
initial ageing stage. It can still be noticed that vinylidenes do
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not participate in these crosslinking reactions, although there
are known to be reactive in unstabilized PE. This assertion is
supported by the vinylidene index which does not decrease
significantly with aging since it remains almost constant
thorough the aging protocol.

From a mechanical point of view, the HALS stabilizer has
significantly reduced the decreasing rate of the elongation at
break. This slowing down of the loss of the mechanical
properties is related to the ability of HALS to reduce the chain
scission process, illustrated by the moderate variation in
number-average molecular weight and PDI.

Finally, it can be stated that commercial greenhouse
covering films made of LDPE and stabilized with HALS
Kaolin offer a sufficiently long lifespan, up to 24 months.
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