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Abstract. 
Analysis of the IR spectra of weathered films exposed at different periods of the year reveals that, the main regions of the IR spectrum 
affected by solar irradiation and temperature variation are the complex carbonyls and unsaturations composite absorption bands. 
Their respective kinetics vary in different manner according to the period at which the exposure is started. Curve fitting has been per-
formed to refine the analysis of the IR spectra and to identify all the chemical species constituting the complex absorption bands. The 
analysis of the results let appears that whatever the exposure period of the year is, it does not affect the type of developing products, 
but it has strong effect on their kinetic rate of formation. The warm season is the more effective in terms of carbonyl formation and 
crystallinity index. This indicates that the Norrish type I (NI) process is very important in this season and it adds to the Norrish type II 
(NII) process. Both contribute to the carbonyl and vinyl groups formation via chain scission reactions; however the NII process is active 
during all the period of the year.
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Introduction
The most widely used material for greenhouse covering 
is Low-density polyethylene (LDPE), because of its good 
physicochemical, mechanical and optical properties, for its 
cheapness and ease of processing. This makes it the leader 
material in the agricultural field [1]. This polymer is very 
sensitive toward much of the climatic parameters such 
as, solar radiations (ultraviolet rays), temperature, atmo-
spheric oxygen, humidity, rain, sand wind, and pollutants 
etc... These environmental factors affect adversely the me-
chanical, chemical and optical properties [2]. As a matter 
of fact, solar irradiation in the UV range [290-400 nm] is 
certainly the most aggressive parameter interacting with 
the structural defects, acquired during polymerization and 
processing, leading to molecular structure modification 
responsible to the lowering of the mechanical and phys-
ical properties [1,3]. Temperatures closely related to solar 
energy are other significant climatic factors acting on the 
degradation process, contributing to drastically increase 
the formation rate of the photo-oxidation products [4]. 
Environmental pollution, wind forces ca also contributes 
in the reduction of the lifetime of the material [3, 5]. 

Ageing being mainly a polymer chain degradation process 
characterized by the oxidation of the macromolecules and 
accompanied by morphological changes[5]. 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 changing con-
centration. The oxidation mechanism being very complex, 
an exhaustive analysis of the evolution of all the spectrum 
regions could highlight the respective contribution of most 
of the different chemical species [6].

It remains still difficult to distinctly identify the different 
chemical species constituting most of the complex absorp-
tion bands, because of the close vicinity of their respective 
signal which most of the time overlap. This makes neces-
sary to refine the spectra analysis by means of mathemat-
ical treatments [7, 8]. 

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

Verdu has studied the effect of the period on the film deg-
radation exposed in France for three different periods. In 
this work, the effect of exposure period in the kinetics of 
the oxidations products of the greenhouses plastic films 
has been checked. The exposition took place in Sub Saha-
ran region (Laghouat- Algeria). The carbonyl and vinyl rate 
formation and the crystallinity index have been used as 
comparative indicators to highlight the effect of the period 
on the degradation process. 
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EXPERIMENTAL
A. Material

The raw material (LDPE pellets) usedin this study are sup-
plied by the Saudi Basic Industries corporation (Sabic) as 
(LDPE 2100 T N00W).The films are produced bythe So-
fi-Plast Companyat Sétif, (Algeria).This polymer is a neat 
grade exempt of stabilizing agents. The melt was extruded 
at about 175°C and blown in a continuousprocess charac-
terized by a bubble diameter of 4.4 m, a wall thickness of 
180 μm, and a drawing speed of 15 cm/s. 

B. Weathering protocols and sampling.

Films cuts were mounted on metallic frames facing south 
accordingto the ISO 4607 standard.Exposure to solar radi-
ation has been performed at Laghouat (33°48’ N,20°56’E), 
Algeria. Seven ageing protocols have been started at dif-
ferent periods of the year (Table I). The average duration 
of a protocol is seven months.For each protocol amonthly 
sampling is done.

Table 1: The ageing protocols

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

C. Fourier transforms infrared spectroscopy (FTIR).

An FTIR spectrometer, maintained by Perkin Elmer (Spec-
trum Two), 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 represen-
tation of the spectra using the absorbance mode is most 
suitable to calculate the optical density of allthe chemical 
species developing duringageing, and to highlight their ki-
netic evolution [9].

Mathematical curve - fitting 

To identify the species constituting the complex absorp-
tion bands in the different regions of the IR spectrum a 
mathematical curve fitting was performed to deconvolute 
and identify the entire initial existing products and those 
evolving during exposure.The curve fitting was performed 
using the second derivative method in the OriginPro soft-
ware package (version 8.6).The second order derivatives IR 
spectra were obtained using the Savitzkye Golay algorithm 
(9-point smoothing). However, the curve fitting method 

has been described in details in a previous work [8]. The 
curve fitting not allow the identification of all the chemical 
species developing during ageing, and further its compari-
son regardless the exposure periods.

For polymers, the simplest way to follow the evolution of 
the chemical species during ageing is to measure their ab-
sorbance at different exposure times [10, 11].  According 
to the Lambert-Beer law, the concentration C of a species 
is given by:

C = A/e L                                        (1) 

where, A is the IR absorbance of the chemical species; Ob-
tained by the maximum of the peakof absorption band. L 
(cm) is the sample thicknessand e (l.cm-1 mmol-1) is the 
extinction coefficient [12, 13].

D. Crystallinity index 

The crystallinity index at the different stage of the ageing 
protocol has been determined thanks to the FTIR data got 
from the absorption bands at respectively 720 and 730 
cm-1, using the following relationship:

C% = 100 – (B/(1+K)×100)            (2)

where K =IA730 / IA720 , B =(1-K)/1.233, and , IA730 and IA730 
are the integrated area of the absorption band at 730 cm-1, 
and 720 cm-1 corresponding to the rocking mode vibration 
of a (–C-H) bond in the crystalline and the amorphous re-
gions respectively. The constant 1.233 corresponds to the 
relation of the intensity bands of a fully crystalline polyeth-
ylene [14,15].

RESULTS AND DISCUSSIONS
A. Identification of the chemical species by curve fitting

The IR spectra reported in fig. 1 of unexposed and exposed 
film from January to July corresponding to the protocol (1) 
has arbitrarily be chosen from the others to identify the 
chemical species which develop during ageing. The sam-
ples have been named A0 (unexposed film), and A1 to A7 
for the exposed films where the number from 1 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 reflect-
ed by the growth and disappearance of absorption bands. 
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• It appears three maxima in the first region (fig. 2.a; 
dashed line). Two of them coincide with the previous 
maxima 3650 cm-1 and 3600 cm-1, while the third ap-
pears between them at 3645cm-1, all belong to the 
O-H stretching of alcohols [16].These absorbances 
correspond to primary and tertiary alcohols for the 
two firsts and to secondary alcohols for the last [17].  
It can be still noticed that the envelope encompassing 
their absorbance do not change noticeably with ex-
posure time, probably because of their simultaneous 
formation and consummation. This has been checked 
for all the others protocols and the same results have 

The spectral regions which are the most affected, 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 applied 
to these different respective spectral regions for the most 
aged samples are reported in figs 2 to 5.

hydroperoxide region (3700 -3300 cm-1)

The hydroperoxides region can be divided into two differ-
ent regions; the first ranging from 3700 cm-1 to 3580 cm-1 
(fig. 2.a; solid line) and the second one from 3550 cm-1 to 
3300 cm-1 (fig. 2.b; solid line), both of them consist of a 
broad absorption band with two maxima.

After curve fitting:

Fig.1 The IR spectra of LDPE films (A0 to A7 samples) for differ-
ent ageing time

Fig.2: Curve fitting of the hydroperoxide region:  
a) 1st region, b) 2nd region[3550-3300cm-1].  
(- solid line before curve fitting; - -dashed line after curve 
fitting), Carbonyls region (1800 – 1680 cm-1)

Table 2: Peak position and assignment of carbonyl species after 
curve fitting

Compo-
nent no

Peak 
position 

(cm-1)
Assignment

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

1686
1697
1702
1709
1713
1722
1734
1739
1750
1756
1761
1767
1777
1785
1790

Keton, acide α,β unsaturat-
ed a,b
γ ketoacide, keto groupa,b
Conjugated ketonesa,b
γ ketoacide, keto groupa,b
Carboxylic acid (associat-
ed)a,b,c
Ketonesa,b,c
Aldehydesa,b
Estersa,b,c
Peracidesa,b
Carboxylic acid (free)a,b,c
not identifieda
Carboxylic acid (isolated)
a,b
Perestersa,b
γ –Lactonesa,b,c
not identifieda

a Separated by derivative analysis in this work
b Assignment according to Ref [8-12].
c Assignment according to Ref[7]

Fig.3: Curve fitting of the carbonyl absorption band of the 
most aged film (- solid line before curve fitting; - -dashed line 
after curve fitting).
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been found.

• It appears for the second region (fig. 2.b; dashed line) 
a number of other peaks corresponding to different 
types of hydroperoxide products. However, it re-
mains difficult to attribute all these vibrations to their 
respective structures. Only three of them are recog-
nizable the maximum at 3432 cm-1  belonging to O-H 
stretching of the associated hydroperoxides and that 

at 3372 cm-1 to the unassociated hydroperoxides. The 
last one at 3533 cm-1 has been identified belonging to 
O-H stretching vibration of free hydroperoxides (most 
probably that of carboxylic acid) [18, 19 and 20].

The most indicative absorption band of ageing is that of 
carbonyls. Nonexistent in the unexposed sample, it signifi-
cantly increases with ageing and becomes a massive ab-
sorption band pointing at 1713 cm-1 (fig. 3). Itis bordered 
by many shoulders on its left side which reveals that it is 
composed by many species (fig. 3 solid line). In fact, curve 
fitting has revealed that it encompasses no less than 11 
different peaks (fig. 3 dashed line). However, a further 
analysis (second derivative and fourth derivative) has al-
lowed finding the presence of 15 different products. The 
peak positions and their corresponding chemical struc-
tures are reported in table 2 [7, 8, and 12].

C-O bonds (1220-1000 cm-1) 

This region displayed various shoulders indicating the 
presence of the multiplicity of hidden peaks (Fig. 4). The 
hidden sub-peaks derivate from the curve fitting (fig.4 
dashed line) and its assignment are presented in table III. 
Some of them increase through ageing; the absorptions 
at 1178, 1187cm-1corresponding to the esters and  g-lac-
tones groups respectively increase progressively to what 
has been observed in the carbonyl region [18, 12].

Unsaturations (985–880cm-1)

These types of chemical species are visible in the regions 
of the spectrum [880-980 cm-1]. The curve fitting of these 
regions does not reveal the presence of absorption bands 
other than those corresponding to the existing and visible 
maxima (fig. 5).

Fig. 5 Curve fitting of region of unsaturations absorption band 
of the most aged film (- solid line before curve fitting; - -dashed 
line after curve fitting).

The peak positions and their corresponding chemical 

Fig. 4 Curve fitting of the C-O region of the most aged film  
(- solid line before curve fitting; - -dashed line after curve 
fitting ).

Table 3: Peak position and assignment of the C-O bonds high-
lighted by curve fitting [12,16,17 and 21]

Components 
no

Peak posi-
tion

(cm-1)
Assignment

1
2

3
4
5

6

7
8
9
10
11

1007
1031

1050
1063
1078

1090

1114
1130
1156
1178
1187

not identifieda
not identifieda

Primary alcohols 
with g,h,I,j
Secondary alcohols 
g h,I,j
Tertiary alcohols g 
h,I,j
not identifieda

not identifieda
Ether (R-O-CH3) g,l,j
Ether (R-O-R) g,l,j
Esters g,,h,j,k
γ –Lactonesg,h,j,k

g Separated by derivative analysis in this work
h Assignment according to Ref [17]
I Assignment according to Ref [16]
j Assignment according to Ref [21]
K Assignment according to Ref [12]
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structures are reported in table 4.

B. Effect of the exposition period on the kinetic of the 
chemical species
Kinetic of Carbonyls group 

Natural exposure is the occurrence of the formation of 
a variety of photooxidation products (Table 5). However, 
those which are the most important in term of concentra-
tion are the aldehydes, the ketones, the carboxylic acids 
and the esters [7, 8]. The representation of their formation 
kinetic, according to the different protocols gives a good 
insight on the season effect (fig. 6).  

Natural weathering is the occurrence of the formation of a 
variety of photooxidation products (Table V). However, the 
most important ones in terms of concentration are the al-
dehydes, 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.6). 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 saturat-
ed 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 spe-
cies concentration were plotted with the maximum and 
the minimum values achieved at the end of aging process 
(Fig. 6-7). The reproducibility of all the other experimental 
points is in the same range.

Kinetic of Unsaturationsgroups 

The variation of the unsaturation concentration of the vi-
nylidenes and the vinyls is reported in Fig. 7. Vinylidene 
groups are present with a noticeable concentration at the 
beginning of exposure, then they are progressively con-
sumed 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 expo-
sure 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. 7a). 

Vinyl groups, showing a small initial concentration grow 
rapidly with ageing time. Their kinetics deeply differ from 
one protocol to another (Fig. 7b). 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.

C. Crystallinity index
The variation of the cristallinity index determined for each 
protocol is represented in fig. 8. The exposure period af-
fects notably the progression since it can be observed that 
the variation is very low when starting in the cold season 
and becomes progressively more important when the 
protocols shift toward the hot season.  The aspect of the 
curve is affected by the exposure period. For the protocols 
(starting in January and February) the curves look like lin-
ear to progressively become s-shaped when going toward 
summer. 

Fig. 6 Variation of the concentration of carbonyl groups for 
different protocols; a) Aldehydes, b) Ketones, c) Carboxylic 
acids, d) Esters.

Table 4: Peak position and assignment of the unsaturations [7, 
17, 20, 22 and 23]

Components no Peak position 
(cm-1)

Assignment

1 888 Vinylidenel,m,n
2 909 vinyl l,m,n
3 965 t-vinylene l,m,n

l Separated by derivative analysis in this work.
m Assignment according to Ref [7]
n Assignment according to Ref [17,20] 
O Assignment according to Ref [22, 23]
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The progression in April is singular since it starts auto-ac-
celerated and speed-up more just after July and stays that 
way until the end of the protocol showing the highest crys-
tallinity ratio in comparison to the other protocols. After-
ward, the following protocols show saturated curves at the 
end of exposure.  

Fig. 7 The absorbance variation for the different protocols of 
the unsaturations a) vinylidenes (888 cm-1), b) vinyl (909 cm-1) , 
d) t-vinylene (965cm-1).  

Fig. 8 Variation of the crystallinity ratio for the different proto-
cols.

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 struc-

ture 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 
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. 6). 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. 
7b). 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. 6 and 7b).

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 crystallin-
ity degree (Fig. 8) via a chemo-crystallization process [29].

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 weak-
est 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 identi-
fication 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 carbon-
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yls, and unsaturations.  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 oxida-
tion 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 car-
bonyl 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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