
1. INTRODUCTION

The most widely used material for greenhouse covering is 
Low-density polyethylene (LDPE), because of its good 
physicochemical, mechanical, optical properties, its 
cheapness and ease of processing. This makes it the leader 
material in the agricultural field [1]. 

It is very sensitive towards most of the climatic parameters 
such as, solar radiations (ultraviolet rays), temperature, 
atmospheric oxygen, humidity, rain, sand wind, pollutants; 
and so on. These environmental factors affect adversely the 
mechanical, chemical and optical properties [2 -4]. 

As a matter of fact, solar irradiation in the UV range [290 -
400 nm] is certainly the most aggressive parameter 
interacting with the mechanical and physical properties 
lowering. [1], [5-7]. 

Temperature closely related to the solar energy are other 
significant climatic factors acting on the degradation process, 
since they are found to contribute to drastically increase the 
formation rate of the photo-oxidation products [8-11]. 

The environmental pollution and/or the use of 
agrochemicals products inside the greenhouses can also 
reduce the service lifetime of the films, because of the 

possible interaction with the weakest sites of the 
macromolecular chains [5], [3], [12]. 

Wind forces can also be the occurrence of periodical 
mechanical stresses, leading to the weakening of the material 
structure by fatigue [13]. 

The combination of all these environmental factors 
contributes to rapidly degrade the films which become 
excessively brittle in a relatively short period of time.  

Therefore, at an advanced ageing stage, pieces of the 
material can easily be torn off from the greenhouse by wind, 
to be then thrown in nature, acting adversely on the 
environment.  

Ageing is mainly due to polymer chain degradation, 
characterized by the oxidation of the macromolecules 
accompanied by morphological changes [13-15]. As such, 
FTIR spectroscopy can be regarded as a powerful technique 
to identify the different oxidation products developing during 
ageing and allowing also to quantify their concentration 
changes upon time. Due to the complexity of the oxidation 
mechanism, an exhaustive analysis of the evolution of all the 
spectrum regions could highlight the respective contribution 
of most of the different chemical species [16-17]. 

It remains still difficult to distinctly identify the different 
chemical species constituting most of the complex absorption 
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bands, because of the close vicinity of their respective signals 
which often overlap. This makes necessary to refine the 
spectra analysis by means of mathematical data processing 
[18-19].  

Another aspect of ageing seldom discussed by others is the 
effect of the exposure period on the formation and growing of 
the carbonyl species and unsaturations. 

In France, Verdu [8] has studied the effect of three 
different exposure periods on the film degradation. 

It is why, in this work it has been tried to assess the effects 
of the exposure period (solar energy and temperature) by 
means of seven different ageing protocols in a Sub Saharan 
region which displays a more aggressive environment. 

The crystallinity index has been used as a comparative 
indicator to highlight the effect of the period on the 
degradation process. 

2. EXPERIMENTAL

2.1 Material 

The raw material used in this study is a sample of low 
density polyethylene (LDPE pellets, 2100 T N00W) supplied 
by the Saudi Basic Industries corporation (Sabic).The films 
are produced by the Sofi-Plast Company at Sétif, (Algeria). 
This polymer is a neat grade free of stabilizing agents. The 
LDPE was melt extruded at about 1750C and 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 μm. 

2.2 Weathering protocols and sampling 

Films were mounted on metallic frames facing south 
according to the ISO 4607 standard. Exposure to solar 
radiation has been performed at Laghouat (33°48’ N, 
20°56’E), Algeria. Seven ageing protocols have been started 
at different periods of the year (Table 1). The average 
duration of a protocol is seven months. For each protocol 
monthly sampling is done.  

Table 1. The aging protocols 

2.3 Climatic data 

The climatic data have been provided by the national 
meteorological station of Laghouat. The climatic parameters 
got from the station are, the solar power (± 0, 40 w/m2), 
temperature (± 0, 150C), Humidity (± 0, 2 %).  

It can be still observed that the temperature and solar 
power are maximum in July. While insulation is maximum in 
June since the duration of the day is the longer. Moisture is 

minimum during this period corresponding to the peak 
summer season. This suggests that the interaction of the 
environment with the exposed material could be higher (Fig 
1). 

Figure 1. Climatic data for the whole duration of the 
protocols, a) Solar power (w/m2), b) Temperatures (°C); c) 

Humidity 

2.4 Fourier transforms infrared spectroscopy (FTIR) 

An FTIR spectrometer, (Spectrum Two) Perkin Elmer, was 
used for the infrared analysis. The infrared spectra were 
collected in transmission mode over the range from 4000-400 
cm-1 at a 4 cm-1 optical resolution and using 32 scan
repetitions. In this study, the representation of the spectra
using the absorbance mode is more suitable to calculate the
optical density of all the chemical species developing during
ageing, and to highlight their kinetic evolution [17], [20].

2.4.1 Mathematical curve - fitting 
In order to identify the species constituting the complex 

absorption bands in the different regions of the FTIR 
spectrum, a mathematical curve fitting was performed to 
identify the entire initial existing products and those evolving 
during exposure. The curve fitting was performed using the 
second derivative method in the Origin Pro software package 
(version 8.6).The second order derivatives FTIR spectra were 
obtained using the Savitzkye Golay algorithm (9-point 
smoothing), and the fourth derivative has been used to 
strengthen the analysis.  

The curve fitting method has been described in details in a 
previous work [19].  

For polymers, the simplest way to follow the evolution 
ofthe chemical species during ageing is to measure their 
absorbance at different exposure times. 

2.5 Differential scanning calorimeter (DSC) 

The calorimetric curves were obtained by using a DSC 
(Perkin Elmer DSC 7). The degree of crystallinity of the 
samples was calculated from the peaks of these curves. For 
the analysis the weight of samples was kept around (10 mg), 
and a heating rate was set to 100C/min. The heat of fusion, 

Protocol Number Beginning of the protocol End of the protocol 

1 Jan Jul 

2 Feb Aug 

3 Mar Sept 

4 Apr oct 

5 May Nov 

6 Jun Dec 

7 Jul Jan 
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Hf was determined after relevant elimination of the base line. 

The degree of crystallinity was calculated with respect to the 

heat of fusion of 100% crystallized polyethylene ( H0
f =285 

J/g) [21-22]. Through the relationship: 

XC % = × 100

The reproducibility of the crystallinity index for all the 

protocols was  1.15 – 2.50 . 

3. RESULTS AND DISCUSSION

3.1 Ageing characterization by FTIR 

Fig.2 reports the FTIR spectra of unexposed and exposed 
films from January to July (protocol 1). For clarity the 
samples have been named A0 (unexposed film), and A1 to 
A7 for the exposed films where the number from1 to 7 refer 
to the duration of exposure (months).  

The aging process of the exposed film is governed by a 
complex mechanism of chemical reactions. This is reflected 
by the growth and disappearance of absorption bands. The 
most affected spectral regions are those of the hydroperoxides 
(3700-3300 cm-1), carbonyl groups (1800-1680 cm-1), (C-O) 
groups (1220-1000 cm-1), and unsaturations (985-880 cm-1). 
Curve fitting was performed to carbonyl and unsaturation 
regions for the most aged sample (A7) since this two 
spectrum regions are the most sensitive to the microstructural 
changes.  

Figure 2. Full FTIR spectra of LDPE films for different 

aging time (A0-A7). 

3.1.1 Carbonyls region (1800 – 1680 cm-1) 
The most indicative absorption band of ageing is that of 

carbonyls. While absent in the unexposed sample, it 
significantly increases with ageing and shows a massive 
absorption band pointing at 1713 cm-1 (Fig. 2). It is bordered 
by many shoulders on its left side, thus revealing the presence 
of many species.  

In fact, curve fitting with further analysis (fourth derivative) 
has allowed detecting the presence of 15 different products. 
The peak positions and their corresponding chemical 
structures are reported in (Table 2). 

3.1.2 Unsaturation groups Region (985 – 880cm-1) 
 These types of chemical species are visible in the spectral 

regions [985-880cm-1]. In this case the curve fitting did not 
reveal the presence of further absorption bands. The peak 

positions and their corresponding chemical structures are 
reported in (Table 3). 

Table 2. Peak position and assignment of carbonyl species 
after curve fitting [17-19]. 

Component no Peak position 

(cm-1) 

Assignment 

1 1686 Keton, acide α, β unsaturated 

2 1697 γketoacide, ketogroups 

3 1702 Conjugated ketones 

4 1709 γ ketoacide, ketogroups 

5 1713 Carboxylic acid (associated) 

6 1722 Ketones 

7 1734 Aldehydes 

8 1739 Esters 

9 1750 Peracides 

10 1756 Carboxylic acid (free) 

11 1761 not identified 

12 1767 Carboxylic acid (isolated) 

13 1777 Peresters 

14 1785 γ –Lactones 

15 1790 not identified 

Table 3. Peak position and assignment of the unsaturations 
[18], [23-26]. 

Component no Peak position 

(cm-1) 

Assignment 

1 888 Vinylidene 

2 909 vinyl 

3 965 t-vinylene

3.2 Effect of the exposition period on the kinetics of 

formation or consumption of the chemical species  

3.2.1 Kinetics of the carbonyl species formation 
Natural weathering is the occurrence of the formation of a 

variety of photooxidation products (Table 2). However, the 
most important ones in terms of concentration are the 
aldehydes, the ketones, the carboxylic acids and the esters. 
The representation of their kinetic formation, according to the 
different protocols gives a good insight on the period effect 
(Fig.3). It can be observed that the period affects the variation 
of carbonyl species concentration as a function of exposure 
time. Moreover, the induction time was found to be maximum 
for the protocol started in the cold season (i.e. protocol 1and 
2), and to progressively decrease until to practically disappear 
in the case of protocol 7 (started in July). The protocol 4 
(started in April) displays a particular behavior. Because, 
after a very short induction time, their formation become 
auto-accelerated to be slightly saturated at the end with the 
higher concentration comparatively to the others (rapid 
degradation). This clearly means that the protocols started in 
Springer are more harmful in term of oxidation than the 
others.  

For each experimental run, the curves of chemical species 
concentration were plotted with the maximum and the 
minimum values achieved at the end of aging process (Fig.3-
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4). The reproducibility of all the other experimental points is 
in the same range. 
 

 
 

Figure 3. Variation of the concentration of carbonyl groups 
for different protocols, a) Aldehydes; b) Ketones; c) 

Carboxylic acids; d) Esters. 
 

3.2.2 Kinetics of formation or consumption of unsaturated 
groups 
 

 
 

Figure 4.The absorbance variation for the different protocols 
of the unsaturations 

a) Vinylidenes (888 cm-1), b) vinyl (909 cm-1). 
 

The variation of the unsaturation concentration of the 
vinylidenes and the vinyls is reported in Fig.4.  

Vinylidene groups are present with a noticeable 
concentration at the beginning of exposure, then they are 
progressively consumed until their total disappearance. 
However, the rate of consumption is somewhat different from 
one protocol to another. 

The drop of the curve at the beginning of exposure 
becomes progressively more abrupt as the protocols shift 
from winter toward summer. Since, they are found to be 
totally consumed in the protocol 4 (Fig.4a).  

Vinyl groups, showing a small initial concentration grow 
rapidly with ageing time. Their kinetics deeply differ from 
one protocol to another (Fig.4b). Their s-shaped curves show 
an induction time decreasing from the protocol started in 
winter to that of summer (i.e. protocol 1 and 7) as observed 
for the curves of the carbonyls species. 

 

3.3 Thermal analysis and crystallinity determination 

 
The variation of the crystallinity index determined by DSC 

for all the ageing protocols is represented in Fig.5. The 
exposure period affects markedly its progression since it can 
be observed that it is very low when started in the cold season 
and becomes faster when the protocols shift toward the hot 
season. For the protocols starting in January and February the 
curves look like linear. When, the exposure starts in summer 
the curves become progressively more and more saturated 
with lower concentrations at the end of the protocols 
compared to the previous ones. In protocol 4 the curve looks 
somewhat singular, because it starts auto-accelerated and 
speed-up just after July, showing the highest crystallinity 
index in comparison to the other protocols. 

 
 

Figure 5. Variation of the crystallinity ratio for the different 
protocols. 

 

3.4 Discussion  

 
The photo-oxidation of polyethylene is known a complex 

oxidation process where chain-scission and crosslinking 
reactions are in competition. The impact of such chemical 
reactions changes the original polymer molecular structure 
and morphology.  

The incidence of the exposure period revealed a difference 
in the kinetic and rate of the production and consumption of 
the different chemical species. For all the ageing protocols, 
curve fitting of the FTIR spectra shows that the chemical 
species are practically the same, but their rate and final 
concentration are dramatically different. It has also been 
revealed that the dominant carbonyl species are aldehydes 
followed by ketones, acids and esters respectively. Also, the 
photo-oxidation rate is highly related to the exposure period, 
depending on temperature and solar energy [11-12], [23] [27-
28]. 

Indeed, among all the ageing periods in this exposure site 
the one starting in April is certainly the most harmful since 
the carbonyl and vinyl concentrations as well as the 
crystallinity index are the highest. April being followed by 
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summer one can expect that this hottest period of the year 
contributes to increase the degradation rate. Moreover, 
compared to the other protocols starting in the cold season 
the material shows a shorter induction time, which seems to 
promote the growth of the different chemical species (Fig.3). 
The polymer is therefore more oxidized and the chain 
scissions seem to be the more relevant feature according to 
the concentration of vinyl groups (Fig.4b). Crystallinity 
increases as well, consequently to the diffusion of the short 
chain segments towards the existing crystalline lamellae. It is 
well known that chain scissions are responsible for the loss of 
mechanical properties, while crystallinity makes the material 
more brittle and stiffer [15-16], [20]. 

Inversely, protocol 1 seems to be less deleterious in terms 
of final concentration of photo-oxidation products [12] (Fig.3 
and 4b). 

A comparison between the oxidation kinetic curves and 
those of the crystallinity index shows that their variation are 
somewhat related. Therefore, oxidation followed by chain 
scissions leads to the reinforcement of the crystallinity degree 
(Fig.5) via a chemo-crystallization process [29]. 

Among all the oxidation products, the highest 
concentration is that of the aldehydes, whatever the protocol 
of ageing is. Many routes exist to produce different 
oxidations products identified during ageing. However, the 
season at which the protocol starts can affect the way leading 
to the final products. According to the mechanism proposed 

in Scheme 1, aldehydes and vinyls can be produced either by 
chain scission in the close vicinity of a macro-alkoxy (a) or 

by a  scission of a ketone via the NII process. The ketone 
itself comes from a cage reaction between the macro-alkoxy 
and a hydroxyl radical [18], [24-26], [30]. This ketone can be 
transformed into a keto radical and a macroradical via the N I 
process which is known to be possible when solar energy or 
temperature are relatively high. The keto radical can then 
react with a hydrogen atom to form aldehydes, beside to that, 
vinyls are formed by hydrogen abstraction from a 
macroradical. The keto radical can also recombine with a 
macroradical to form another ketone which itself can be 

cleaved in β position via the NII process, hence producing 

aldehydes and vinyl groups. It can be concluded that most of 
the routes in the mechanism lead essentially to the formation 
of these two kinds of chemical species which concentration 
are the highest in the aged material.  

Scheme 1 shows the production of the different types of 
carbonyl groups (aldehydes, ketones, carboxylic acids and 
esters). Their formation is almost always followed by that of 
vinyls. 

The graphical representation of the concentration of these 
four species as a function of that of the vinyls strengthens the 
mechanism described in Scheme 1. Indeed, all the regression 
curves are linear with a correlation coefficient (R2) close to 
one (Fig.6). 
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Scheme 1. Steps of mechanism reactions of chain scission in LDPE. 
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Scheme 2. Vinylidenes consumption by reaction with a secondary alkyl radical. 
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  Another aspect of the solar radiation on unsaturations is the 
consumption of vinylidenes. It can be explained by their 
reaction with free radicals leading to crosslinking, known to 
contribute to the reinforcement of the mechanical properties 
at the beginning of the ageing protocols [16], [31] Scheme 2. 

 
 

Figure 6. Variation of the concentration of carbonyls versus 

the concentration of vinyls (Protocol of January). 
 
 

4. CONCLUSION  

 
 Solar energy is radiant light and heat delivered by sun. It 

is the most important factor affect the plastic films outdoor 
exposed. Such photonic energy can interact with the weakest 
sites of the macromolecular chains, leads to structural 
modifications mainly identified as oxidation, crosslinking and 
chain scissions. Additionally, to that, the overheating of the 
contact zone of plastic films with the greenhouse metallic 
support is another factor promote a rapid failure of the 
material. 

 A full analysis of the FTIR spectra has allowed the 
identification of most of the chemical species and to show 
how they are consumed or develop throughout ageing. 

Curve fitting has been found to be a powerful tool for the 
identification of the chemical species constituting the 
complex and composite absorption bands of the carbonyls, 
and unsaturation. It revealed that the exposure of the films at 
different periods of the year does not affect the type of 
developing oxidation products but it is rather their kinetic 
which differ. It has also shown that aldehydes, carboxylic 
acids, ketones, and esters are the main oxidation products 
formed during ageing. A good correlation has been found 
between the just-mentioned carbonyl species and the vinyl 
groups. This feature seems to suggest that their formations are 
closely related and the mechanisms supposed to be common 
to these different species are the NI and NII process. Indeed, 
the kinetic formation of carbonyl groups is higher during the 
warm season and it is the same for the crystallinity degree. 
This argues for a higher chain scission activity which tends to 
follow the path of the oxidation mechanism passing 
essentially through the NII process, to which is added the 
contribution of the NI during this period. 
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