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Abstract The hydrothermal degradation at 90 ◦C in dis-
tilled water of metallocene linear low density polyethylene
films (mLLDPE) has been studied using low density poly-
ethylene (LDPE) for comparison. FTIR spectroscopy, DSC
and chemiluminescence techniques were used for investiga-
tion of the hydrothermal ageing-induced changes. The sta-
bilization effect of a commercially available HALS, namely
Sanduvor PR 31, able to graft on polyolefin structures has
been also studied, as well. It was found that intense oxi-
dation process occurs in the case of LDPE: hydroxyl, car-
bonyl and unsaturated groups were identified in FTIR spec-
tra. mLLDPE reference films presented considerably higher
stability as compared to LDPE ones, this behaviour being
assigned to the structural peculiarities. Sanduvor PR 31
induced higher stability in LDPE, possibly by grafting mech-
anism, but it did not present a significant effect in the case
of mLLDPE. Besides a possible antagonist interaction with
the process stabilizer or a graft-hindering effect of the alkyl
side groups, the intrinsic higher stability of the mLLDPE
which offers less active sites for grafting could be supposed
to explain this lower effectiveness.
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1 Introduction

During their service life, the polymer materials are subjected
to degradation processes, which can be initiated by differ-
ent stress factors, such as heat, light, weathering, radiation,
mechanical efforts, chemical attack, microorganisms, a.s.o.
[1]. As a result, the functional properties of the items incorpo-
rating plastics are steadily worsened, and finally, the failure
is produced. For security and economic reasons, it is neces-
sary to ensure adequate lifetime of products by addition of
different stabilizers (antioxidants, photo-stabilizers, antirad
agents, a.s.o) to extend the lifetime of widely used polymers
such as polyethylene, polypropylene or their copolymers [2–
9].

Hydrothermal degradation occurs when hot water and
eventually air are in contact with the polymeric materials.
Such type of stress is found in the case of hot water pipes
and tubes, geomembranes, and in treatment of some wastes in
subcritical or in supercritical conditions (supercritical water
presents remarkable transport properties), in oxidative or
non-oxidative conditions [10].

Hydrothermal ageing of polyethylene has been studied in
relation to its application to hot water pipes. Medium den-
sity polyethylene (MDPE) and high density polyethylene
(HDPE) were intensively studied in ageing experiments
under hydrothermal and pressure conditions [11–14]. The
fracture mechanisms of the XLPE in hot water pipes sub-
jected to hydrothermal ageing were found to be closely
related to the degradation state of the [13]. In high ageing
stages, the antioxidant is totally depleted and the polymer
becomes brittle due to chemical oxidation processes. It was

123



70 Arab J Sci Eng (2015) 40:69–80

also mentioned that the depletion of antioxidant in stabilized
polyethylene occurs in a first stage by internal precipitation,
then by migration in the environment [11]. The lifetime of
the pipes and tubes for hot water has been evaluated using
either antioxidant concentration profiles [15] or OIT-based
models [11].

The hydrothermal studies focused on polyethylene degra-
dation in geomembranes aimed to evaluate the lifetime
through accelerated tests at elevated temperatures in immer-
sion in distilled or tap water as well as in simulation or real
leachates [16–21]. It was emphasized that the main degrada-
tion process is oxidation, while the antioxidant is depleted
by different physical or chemical mechanisms [17,18].

However, the data concerning the behaviour of metal-
locene polyethylene in hydrothermal ageing conditions are
scarce.

The present study deals with the hydrothermal ageing
of metallocene linear low density polyethylene (mLLDPE)
films in comparison with low density polyethylene (LDPE),
a topics which is of interest for various applications involving
these materials, such as mulching films durability [22], age-
ing in hot water conditions [23,24], geological applications
[15], abiotic degradation and environmental persistence of
the polymeric materials [25].

This work aims also to characterize the effect of a hin-
dered amine stabilizer (HALS) compound that was found to
graft on polymeric chains under UV light irradiation, hence
providing improved stability and less migration phenomena
during the service life of the polymeric materials [26–30].

2 Experimental

2.1 Materials

Low density polyethylene (LDPE) and metallocene linear
low density polyethylene (mLLDPE) were used in the form
of films of an average thickness of about 90μm.

LDPE used is a homopolymer produced by radical poly-
merization by BP Chemicals (Belgium) and commercially
available under the trade name Novex LD1407 KD. The main
physical characteristics of the polymer are melting flow index
(MFI) = 0.75 g/10 min, Vicat softening temperature = 94 ◦C
and density = 0.924 g/cm3.

mLLDPE is an ethylene–hexene copolymer produced by
Exxon Mobil (Saudi Arabia) using metallocene catalysts and
commercially available under the trade name Exceed 1018. It
has been kindly provided by Sofiplast, an enterprise of ENPC
group located in Sétif (Algeria). This mLLDPE presents a
MFI of 1 g/10 min, a melting point of 118 ◦C and a density
of 0.918 g/cm3.

Films of 90 ± 5 μm were prepared by blown extrusion
process using a Battenfeld R160 SV type with L/D ratio

Scheme 1 The chemical structure of the stabilizer Sanduvor PR 31
(Clariant)

of 24. For LDPE, the temperature profile along the barrel
ranged between 160 and 200 ◦C, while in the die, the tem-
perature decreased from 200 to 180 ◦C. For mLLDPE, the
temperature along the barrel was raised to 220 ◦C. In both
cases, the rotation speed was 35 rpm. The pulling speed of
the film was 5 m/min, and the chilling was realized by air
flow.

A HALS, namely Sanduvor PR 31, herein after referred as
PR 31, manufactured by Clariant Company (France), in con-
centration of 0.3 wt% was added as stabilizer during the film
fabrication. The chemical structure of this additive is shown
in Scheme 1. Free of PR 31, both mLLDPE and conventional
LDPE films were also prepared in similar experimental con-
ditions, for comparative purposes.

2.2 Instruments and Methods

2.2.1 Hydrothermal Ageing

The hydrothermal ageing has been carried out by the immer-
sion of LDPE and mLLDPE films in stainless steel thermo-
static bath containing distilled water at 90 ◦C. The samples,
taken out at established time periods, were dried by lightly
pressing with filter paper and stored in a desiccator with silica
gel for at least 24 h before any measurement.

2.2.2 Thermooxidative Ageing

For comparison, thermooxidative ageing has been carried
out on film samples (strips of 20 × 20 cm2) at 90 ◦C in an air
circulating oven.

2.2.3 FTIR Spectroscopy

The FTIR spectra were recorded on the initial or aged films
in transmission, using a Jasco FTIR 4200 spectrometer in the
following conditions: spectral range 4,000–400 cm−1, reso-
lution 4 cm−1, scans number 48.
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The crystallinity was evaluated from FTIR data using the
formula (1) [18]:

C % = D

D + K
A

× 100 (1)

where D = E1894
E1300

, Ex is the extinction of the mentioned
bands, K is the extinction coefficient for a completely crys-
talline 6.2 cm−1 polyethylene and A is the similar coefficient
for a completely amorphous polyethylene.

The infrared spectra of the thermooxidized samples were
recorded, in transmission, on Shimadzu 8300 FTIR spec-
trometer in similar conditions of spectral acquisition. The
equivalence of spectral information from both spectrometers
was checked by comparative measurements on initial and
aged samples.

The carbonyl index (CI) has been calculated with the Eq.
(2) [31]:

CI = AC=O

d
× 100 (2)

where AC=O is the carbonyl absorbance, typically measured
at 1,720 cm−1 and d is the film thickness in cm. In our cal-
culations, the AC=O was taken at the maximum of the peak
in the region 1,700 cm−1.

2.2.4 Chemiluminescence (CL)

Chemiluminescence measurements were performed in
isothermal conditions (T = 190 ◦C), using a Lumipol 3 (Slo-
vak Academy of Science, Slovakia) instrument. The sample
weight was ca. 2 mg, and the atmosphere surrounding sample
was stagnant air.

The oxidation induction time (OIT), the time to reach half
of maximum of CL intensity (t1/2), the time to reach the max-
imum of the CL intensity (tm), the oxidation rate (vox), the
maximum of CL intensity (Imax) and the initial CL intensity
(I0) were used as kinetic parameters for characterization the
oxidation processes at 190 ◦C. The calculation procedures for
these parameters as well as their significance were discussed
in an earlier paper [32].

2.2.5 Differential Scanning Calorimetry (DSC)

DSC (Differential Scanning Calorimetry) measurements
were performed in isothermal mode on a Setaram 131 EVO
(Setaram Instrumentation, France) apparatus, using 30μL
aluminium crucibles with pierced caps. The sample weight
was ca. 2 mg.

Two types of DSC measurements were performed on each
sample, namely a ramp heating (10 K/min.) from room tem-
perature up to 190 ◦C, under inert (nitrogen) atmosphere and

an isothermal measurement (at 190 ◦C) under air atmosphere.
The gas flow was 50 mL/min for both types of measurements.
Typical DSC curves for polyethylene in both nitrogen and air
atmosphere were presented in paper [33], together the para-
meters which can be calculated from. The small exothermic
peaks observed between 120 and 170 ◦C were assigned to
hydroperoxide decomposition [34–36].

When the measuring temperature was reached, the nitro-
gen atmosphere was kept for 5 min, then the gas flow was
switched on air (50 mL/min). The zero-moment of the
measurement in oxidizing atmosphere was considered the
moment of nitrogen to air switching. The DSC curve recorded
in these conditions was used to determine the oxidation
induction time (OIT), the time to reach the maximum of the
oxidation peak (tmax) and the oxidation enthalpy (�Hox).
The OIT was calculated according to ASTM D 3895-07 [37]
as the cross point of the recorded baseline and the slope of
the oxidation exotherm, using the specific OIT function of
Calisto Data Processing (CDP) software.

Other parameters were calculated using the CDP function
Integration. Tangential first point mode has been chosen to
draw the baseline of the integral.

The crystallinity was calculated as the ratio of the observed
thermal effect of the melting process (�Hm) and the thermal
effect of the melting of a completely crystalline polyethylene
sample i.e. 285 J/g [38,39]. In the case of the peaks contain-
ing a shoulder or a relative maxim, the whole thermal effect
assigned to the crystallinity melting was considered.

2.2.6 X-ray Diffraction (XRD)

The XRD spectra were recorded by a XPert Pro-Panalytical
diffractometer, type MPD/ vertical system, using Cu Kα radi-
ation with λ = 1.54 Å.

2.2.7 Scanning Electron Microscopy (SEM)

The examination of the surface of the film samples, before
and after ageing, was performed by a Quanta 200 SEM instru-
ment operating in environmental mode at 10–12.5 kV. This
instrument enables the investigation of non-conductive sam-
ples without any prior conditioning.

3 Results and Discussion

3.1 FTIR Analysis and SEM Exploration

The spectra of the hydrothermally aged samples presented
significant increase of absorption in the bands related to
the degradation of the polymer, especially of those assigned
to carbonyl and hydroxyl groups (see Fig. 1). The general
increase in the absorbance in the region of 3,400 cm−1
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Fig. 1 FTIR transmission spectra, in the region 4,000–3,000 cm−1 of
LDPE films exposed to hydrothermal ageing for different time periods:
1 unaged; 2 21 days; 3 42 days; 4 54 days; 5 71 days

includes the absorbance at 3,420 cm−1 (OH in associated
hydroperoxides [40]) and 3,371 cm−1 (OH in alcohols [40])
indicating an intense oxidative degradation process.

The occurrence of large amounts of OH groups as a result
of the hydrothermal ageing is also confirmed by the peaks
at 1,010 and 1,177 cm−1. The former peak is assigned to
primary alcohols [41]. As this band is quite wide, the occur-
rence of other types of alcohols (secondary or tertiary) is
possible. This peak does not exist in the initial polymer, but
appeared immediately after the beginning of hydrothermal
ageing; further periods, it remained more or less constant.
The peak at 1,177 cm−1, assigned to C–O bonds in alcohols
[42], has similar evolution, both peaks suggesting the pro-
duction of alcohol groups during the hydrothermal ageing of
the polyethylene film.

In the spectral region 2,200–1,000 cm−1, a dramatic
increase of the band at 1,700 cm−1 is observed for LDPE
(Fig. 2). The shoulders and the relative maxims on this car-
bonyl band (with an absolute maximum at 1,712 cm−1) indi-
cated the occurrence of similar oxidized groups as observed
for high-temperature oxidized PE samples in presence of air
or oxygen [41]. Thus, γ-lactones (1,796 cm−1 [41]), peracids
(1,777 and 1,666 cm−1 [43,44]), esters (1,740 cm−1 [41]),
aldehydes (1,730 cm−1 [41,42]), ketones (1,720 cm−1

[40,44–47]), carboxylic acids (1,710 cm−1, [40,41,44]), α-
and β-unsaturated acid (1,702 cm−1[47]) and unsaturated
ketones (1,690 cm−1 and 1,675 cm−1 [41]) were observed.
Among these groups, those corresponding to γ-lactones,
peracids or esters occurred already in the initial unaged
films due to possible oxidation processes during the films
manufacturing. While the γ-lactones and peracids remained
practically constant, the esters increased similar to other
groups such as ketones or acids. In the initial film, the

Fig. 2 FTIR transmission spectra, in the region 2,000–500 cm−1 of
LDPE films exposed to hydrothermal ageing for different time periods:
1 unaged; 2 21 days; 3 42 days; 4 54 days; 5 71 days

ketone peak at 1,720 cm−1 is the most intense in this spec-
tral region, while the acid group concentration is rather
low. Finally, the concentration level of both the acid groups
(1,710 and 1,700 cm−1) and unsaturated ketones (1,690 and
1,675 cm−1) increased considerably during the ageing treat-
ment (Fig. 2), so that the acid peak at 1,712 cm−1 is the
absolute maximum of the 1,700 cm−1 band.

A peak at 1,612 cm−1 can be assigned to the carbon dou-
ble bonds in different oxidized unsaturated compounds. The
occurrence of this peak is consistent with the strong increase
of the peak at 935 cm−1 (vinyl terminal groups [40]) as well
as to the increase of other peaks related to the occurrence of
double bonds, such as 966 cm−1 (transvinylene groups) [40].

Other peaks at 1,412 and ca. 670 cm−1 indicate as well
the presence of internal ketones [41].

For the samples stabilized with PR 31, no significant
hydrothermally induced degradation has been observed com-
paratively to the unstabilized reference sample. Thus, no sig-
nificant increase of both OH and carbonyl peaks and no peaks
appeared at 1,177 cm−1 (C–O in ethers) as shown in Fig. 3.
The absence of the peak at 1,177 cm−1 suggests the inhibi-
tion of the crosslinking reactions of PE chains produced by
HALS by trapping the macroradicals of polyethylene.

The peak at 1,010 cm−1 has the same evolution as in the
case of the reference LDPE sample, i.e. sudden increase
and minor variation afterwards. This behaviour suggests that
the OH groups are primarily products of degradation, other
groups resulting by successive reactions of these groups.

No shifting of the baseline in infrared was observed
as well for PR 31-containing sample, furthermore sug-
gesting the interference of this HALS in the degradation
mechanism.
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Fig. 3 FTIR transmission spectra, in the region 2,000—500 cm−1 of
LDPE films stabilized with Sanduvor PR 31 and exposed to hydrother-
mal ageing for different time periods: 1 unaged; 2 42 days; 3 56 days; 4
98 days; 5 for comparison, the unstabilized sample aged in same con-
ditions for 71 days

Fig. 4 Carbonyl index as a function of the hydrothermal ageing time
for LDPE reference sample (1) and LDPE+0.3 % PR 31 (2)

Comparative plotting of the carbonyl index showed that
there is an induction period for carbonyl formation of about
54 days for LDPE and 81 days for LDPE containing 0.3 wt%
of PR 31 (Fig. 4). Similar results were obtained in the case
of double bond content at 965 cm−1.

Hence, the stabilization effect of the mentioned HALS can
be quantitatively characterized.

No significant changes were observed in the FTIR spectra
of mLLDPE (Fig. 5) and mLLDPE+PR 31, up to 228 days
of exposure to hydrothermal degradation, excepting some
small changes in the regions of 3,000–3,600 and 1,700 cm−1

Fig. 5 FTIR transmission spectra, in the region 2,000–500 cm−1 of
unstabilized mLLDPE films exposed to hydrothermal ageing for dif-
ferent time periods: 1 unaged; 2 85 days; 3 110 days; 4 135 days; 5
194 days; 6 228 days

(a small peak at 1,733 cm−1 presented higher intensity for
long-term aged samples).

The dramatic increase of LDPE sample’s absorbance
exposed for 71 days at hydrothermal degradation is thought to
be in relation to its intense degradation. Visibly, it presented a
low transparency and poor mechanical properties (the film is
fairly brittle). This behaviour could be related to an increase
in crystallinity as a result of chain scission processes. How-
ever, the measured crystallinity level increased, but not in
such an extent. Therefore, we assumed that oxidative degra-
dation of the polymer, especially in the surface region, is
responsible for this general increase of the LDPE opacity. It
should be noticed that this assumption has been confirmed
by SEM measurements that clearly indicated the presence
of deep crevices on the surface of sample aged for 71 days
in hydrothermal conditions (Fig. 6). This effect was no vis-
ible for other samples, namely HALS-stabilized LDPE or
mLLDPE (Fig. 7).

This behaviour which is significantly different to that of
LDPE indicates a remarkable stability of the base polymer
mLLDPE. However, the peak at 1,010 cm−1 presented sim-
ilar evolution.

The carbonyl index values proved that the effect of
hydrothermal ageing at 90 ◦C was significantly more intense
than the effect of thermal oxidation at the same temperature
as shown the data in Table 1.

The effect of the polymer structure can be also observed
through the comparison of the values of induction time
as shown in Table 1. Increased stability is observed for
the mLLDPE-based samples due to its more regulated
structure.
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Fig. 6 The SEM images of the
surface of LDPE films before
hydrothermal ageing (a), after
71 days of hydrothermal ageing
(b, c). The micrograph (d)
presents, for comparison, the
surface of the LDPE-PE 31 film
after 98 days of hydrothermal
ageing. The magnification:
1,000 for micrographs (a) and
(b) and 8,000 for (c) and (d)

Fig. 7 The SEM images of the
surface of mLLDPE films
before (a) and after 217 days of
hydrothermal ageing (b). The
magnification: 1,000

Table 1 The values of the
induction time for carbonyl
index increase in LDPE and
mLLDPE subjected to
degradation in either stabilized
or unstabilized state

Degradation type Induction time of carbonyl index increase

LDPE LDPE+PR 31 mLLDPE mLLDPE+PR 31

Thermooxidative 105 >120 >120 >120
Hydrothermal 54 81 143 192

The stabilization effectiveness of PR 31 in hydrothermal
ageing appears lower in the case of mLLDPE versus LDPE,
if the ratios of the induction times (IT) in the stabilized and

unstabilized states (ITstab/IT0) are compared, i.e. for LDPE
the ratio’s value is 1.5 while for mLLDPE it is around 1.3.
This behaviour can be assigned to the regulated structure
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of mLLDPE which results in higher stability of the poly-
mer chain and, consequently, in less opportunities for HALS
grafting.

3.2 Crystallinity

The crystallinity levels were evaluated by three different tech-
niques (FTIR, XRD and DSC) in order to better understand
the behaviour of the samples. Even though the results con-
cerning a certain sample were inherently different, depending
on the method used, the general trends (as resulted from the
averaging of crystallinity data for each sample) were remark-
ably clear. In the case of LDPE, the crystallinity tends to
slightly increase as increases the ageing time (Fig. 8). At

Fig. 8 Crystallinity versus the duration of hydrothermal ageing for
LDPE-based samples: 1 (filled square)—free of PR 31 LDPE (refer-
ence); 2 (open circle)—LDPE+0.3 % Sanduvor PR 31

high degradation levels, the crystallinity tends to decrease,
possibly as a result of chemical changes observed in infrared
spectra. Similar behaviour was observed for the PR 31-
containing sample, but the maximum of the crystallinity
appears later than for reference LDPE. The increase in crys-
tallinity can be assigned to both relaxation of the polymer
chains in hydrothermal conditions and thermally induced
scissions in the amorphous regions leading to deterioration
of the mechanical properties.

In DSC thermograms were observed not only changes in
the melting heat (which increases with the ageing time), but
also different shape of the melting peak: a second peak at
lower temperature was observed (see Fig. 9), this effect being
more intense in the case of free of PR 31 sample. This peak
suggests the formation of a crystalline phase which would
be less ordered than the initial one, due to the vicinity of
oxidized groups.

The mLLDPE presented a similar behaviour from point of
view of its crystallinity as the LDPE samples: the crystallinity
increased steadily with the ageing time up to around 100 days
of ageing. Then, it tends to decrease. The presence of PR 31
results in lower crystallinity levels, as well as in sifting of the
crystallinity maxim to around 130 days (Fig. 10).

Taking into account the low intensity of the chemical
changes observed in FTIR spectra for these samples, it can
be assumed that the observed changes in crystallinity are
due to physical ageing of polymer rather to chemical trans-
formations. Hence, till the moment of reaching the maxi-
mum of crystallinity, thermally induced re-arrangement of
the polymer chains is possibly the main process. After-
ward, swelling effects associated to chemical transformations
(scission of alkyl side groups, and hydro-oxidative degra-
dation reactions) can predominate leading to less ordered
structures.

Fig. 9 The melting process of
LDPE reference sample, as
observed in DSC for the unaged
sample and for the thermally
aged sample for 42 days
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Fig. 10 Crystallinity versus the duration of hydrothermal ageing for
mLLDPE-based samples: 1 (filled square)—free of PR 31 mLLDPE
(reference); 2 (open circle)—mLLDPE+0.3 % Sanduvor PR 31

3.3 Chemiluminescence

Chemiluminescence was proven as a very sensitive technique
in detection of early oxidation stages in different stress condi-
tions [32] as well as in understanding of degradation and sta-
bilization mechanisms. Hence, this technique was used in this
work in order to characterize both the differences between
the behaviours of the studied materials and the effect of the
HALS compound.

The CL data presented in Tables 2, 3, 4 and 5 indicate
a clear stabilization effect of PR 31 in the case of LDPE
samples, while in the case of mLLDPE, this effect is less
clear, being masked probably by the presence of a processing
antioxidant which provided high OIT values as well as by a
possible antagonism between these two stabilizers.

The oxidation induction time values (OIT) for LDPE sam-
ples decreased as function of the ageing time for all types
of studied materials after a certain period of exposition to
hydrothermal conditions.

For LDPE reference samples, the initial OIT values
(Table 2) were low, but these values remained practically con-
stant with the ageing time for relative long time periods: the
zero value of OIT is reached after 42 days of ageing.

The OIT values of the LDPE+PR 31 samples decreased
less rapidly as compared to the reference sample (Table 3).

In the case of mLLDPE, considerably longer OIT values
are observed for reference and mLLDPE+PR 31 samples as
compared to the LDPE counterparts (Tables 4, 5).

The effect of stabilizer, PR 31, on hydrothermal behaviour
of LDPE samples can be also described by tmax values. As
it can be seen in Fig. 11, tmax decreased slower in presence
of the stabilizer as compared to the free of PR 31 sample.
Higher value of tmax for long-term aged samples was also
observed as compared to the reference one.

Similar plots for mLLDPE (Fig. 12) showed that the age-
ing times corresponding to sudden decrease of tmax values
are similar to those for LDPE samples, but the residual
tmax values for long-term ageing are considerably higher for
mLLDPE materials (Fig. 13).

The initial CL signal (I0), due to hydroperoxides and free
radicals induced during the sample history, increased with the
duration of the hydrothermal ageing of LDPE-based samples
(Tables 2, 3). There is an induction period of 56 days for this
increase (during this period, I0 remains practically constant)
in the case of LDPE+PR 31, while in the case of LDPE (free
of HALS), the signal increased proportionally to the ageing
time. The value of I0 is considerably higher for LDPE sam-
ples as compared to the corresponding LDPE+PR 31 ones,
indicating clearly the role of HALS in material stabiliza-
tion: lower content in chemiluminescence emitting species,
i.e. less free radicals and hydroperoxides are observed for
LDPE+PR 31 samples.

I0 values increased also with the ageing time for mLLDPE
reference samples, reaching a maximum after 76 days
(Table 4). Generally, these values are higher than that in the
case of LDPE reference samples, suggesting the presence of
an additive or impurity, which enhances the CL efficiency.

Table 2 The kinetic parameters
of isothermal oxidation of
LDPE reference samples from
CL measurements at 190 ◦C, air
stagnant

Ageing time (days) m (mg) OIT (min) tmax (min) I0 · 10−4 (Hz) Imax · 10−7 (Hz) vox (%/min)

0 2.7 6.7 124 0.46 3.2 1.1
42 3.8 6.9 112 1.48 5.8 1.35
54 3.4 5.0 26 14.10 10.9 4.29
71 4.4 0.0 5 58.90 14.7 27.09

Table 3 The kinetic parameters
of isothermal oxidation of
LDPE+PR 31 samples from
CL measurements at 190 ◦C, air
stagnant

Ageing time (days) m (mg) OIT (min) tmax (min) I0 · 10−4 (Hz) Imax · 10−7 (Hz) vox (%/min)

0 2.4 4.8 112 0.51 1.87 1.47
42 3.1 11.2 116 0.67 1.15 1.04
56 2.2 0.0 112 0.40 0.70 1.22
98 2.2 0.0 35 10.37 0.05 8.71
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Table 4 The kinetic parameters
of isothermal oxidation of
mLLDPE reference samples
from CL measurements at
190 ◦C, air stagnant

Ageing time (days) m (mg) OIT (min) tmax (min) I0 · 10−4 (Hz) Imax · 10−7 (Hz) vox (%/min)

0 2.3 138 218 100 7.52 2.66
42 2.3 85 207 179 8.45 1.89
76 2.0 32 110 201 11.90 3.92
98 2.4 22 83 132 13.50 2.19

Table 5 The kinetic parameters
of isothermal oxidation of
mLLDPE+PR 31 samples from
CL measurements at 190 ◦C, air
stagnant

Ageing time (days) m (mg) OIT (min) tmax (min) I0 · 10−4 (Hz) Imax · 10−7 (Hz) vox (%/min)

D0 2.0 142 228 51.5 8.11 1.24
D42 2.7 81 243 15 695 0.91
D76 2.2 39 120 9.4 1.14 1.23
D98 2.5 14 79 7.9 12.90 1.89
D120 3.1 27 79 44 4.95 2.36
D135 2.8 9 61 90 10.50 3.3

Fig. 11 Dependence of tmax parameter from CL on the hydrothermal
ageing time for LDPE reference sample (1) and LDPE+0.3 % PR 31
(2)

Similar to the case of LDPE, lower I0 values were
observed for mLLDPE samples containing PR 31, indicating
the interference of this compound in the degradation mech-
anism (Tables 4, 5).

The values of the initial CL signals for all aged samples
are consistent with the observed increase in optical absorp-
tion in FTIR at 3,420 cm−1 and confirm that oxidation plays
an important role in the present hydrothermal degradation
process.

In the case of other CL parameter, Imax which is related
to the concentration of oxidation-active sites, there is also
a clear difference between LDPE reference and LDPE+PR
31 samples: while the Imax values increased for the reference
samples as the ageing time increased (indicating an increase
in oxidation susceptibility), a decrease in Imax as the ageing
time increased was observed for the stabilized LDPE sam-
ples. The lower oxidation susceptibility of these samples can

Fig. 12 Dependence of tmax parameter from CL on the hydrothermal
ageing time for mLLDPE reference sample (1) and mLLDPE+0.3 %
PR 31 (2)

Fig. 13 Comparison of the tmax (from CL) values for long-term aged
(th ageing time is indicated for each sample on the figure) samples in
hydrothermal conditions
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be assigned to a possible HALS grafting process that compete
the decrease in sample stability induced by HALS leaching
and oxidation.

Imax increased also for mLLDPE samples with the
ageing time, while a less clear trend was observed for
mLLDPE+PR 31 samples: in this case, the signal was rather
constant, possibly due to less HALS tendency to induce
crosslinking as compared to LDPE sample.

In the case of LDPE-based samples, the oxidation rate val-
ues increased as the ageing time increases, but the process
was more rapid for LDPE reference samples. The val-
ues of oxidation rate corresponding to a same ageing time
are considerably higher for these samples as compared to
LDPE+PR 31 ones, indicating a higher stability of HAS-
containing samples. As for example, the ratio of the oxida-
tion rates of LDPE reference and LDPE+PR 31 samples is
around 6 for the samples aged 71 days.

For mLLDPE-based samples, the values of the oxidation
rate are practically independent on the ageing state, suggest-
ing a lower oxidation stability of this polymer in the auto-
catalysed phase of oxidation (when the stabilizers are chem-
ically depleted).

3.4 Differential Scanning Calorimetry

Besides the melting of crystallinity that was discussed above,
the DSC curves in inert atmosphere presented some weak
exotherm peaks in the range 120–170 ◦C, which can be
related to the hydroperoxide content of the sample as it
was already mentioned. Generally, for all samples, on this
range, the total heat (�H150) increased at the beginning
with the ageing time and then decreased (Fig. 14), pos-
sibly as a result of hydroperoxide decomposition, either
by vicinal reactions (at high concentrations) or by their
decomposition by stabilizers. However, higher values of
this heat were observed in LDPE reference samples and
no level-off was observed in this case. For LDPE+PR 31,
the �H150 present higher values than for mLLDPE sam-
ples, suggesting a higher stability of the latter ones, in
good agreement with the above results. It is interesting to
remark that the data of �H150 versus ageing time can be
linearly fitted for the reference samples, while a second-
order polynomial fitting is the case of PR 31-containing
samples (Fig. 14), suggesting a different mechanism of
hydroperoxide formation and decomposition in presence of
HAS.

For the isothermal measurements, the temperature was
the same as in CL measurements. However, due to possible
influence of dynamic atmosphere influence, the oxidation
was considerably more intense than in CL measurements.
As a result, the OIT values were small and only the tmax

values were measured.

Fig. 14 The heat in the range 130–170 ◦C (�H150) versus hydrother-
mal ageing time for different polyethylene films: 1 (filled square) LDPE
reference; 2 (filled circle) LDPE+PR 31; 3 (open triangle) mLLDPE
reference; 4 (open circle) mLLDPE+PR 31

Fig. 15 Dependence of tmax parameter from DSC on the hydrothermal
ageing time for LDPE reference sample (1) and LDPE+0.3 % PR 31
(2)

For LDPE reference sample, the decrease of tmax values
was practically linear with ageing time (Fig. 15), while in the
case of LDPE+PR 31, the initial increase of tmax suggests an
increase in stability due to possible grafting of the stabilizer
induced by hydrothermal ageing.

For mLLDPE samples, the effect of the stabilizer was less
clear, as compared to the reference sample, but an initial
increase of the stability of aged samples was also observed
(Fig. 16). Generally, the isothermal DSC measurements con-
firmed the higher stability of mLLDPE films in hydrothermal
ageing as compared to LDPE films, but no clear effect of the
PR 31 was evidenced in mLLDPE.
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Fig. 16 Dependence of tmax parameter from DSC on the hydrothermal
ageing time for mLLDPE reference sample (1) and mLLDPE+0.3 %
PR 31 (2)

4 Conclusions

Hydrothermal ageing of polyethylene films at 90 ◦C in dis-
tilled water involves oxidative degradation processes leading
to carboxylic acid and ketone groups on the aged polymer
chain. Significant amounts of unsaturated compounds were
also observed for LDPE reference films.

mLLDPE reference films presented considerably higher
stability as compared to LDPE, due to both structural pecu-
liarities and different stabilization.

The HALS compound Sanduvor PR 31 induced higher
stability in LDPE, possibly by grafting mechanism, but it
did not present a significant effect in the case of mLLDPE.
Besides a possible antagonist interaction with the process
stabilizer or a graft-hindering effect of the alkyl side groups,
the intrinsic higher stability of the mLLDPE which offers
less active sites for grafting could be supposed to explain the
lower effectiveness of PR 31 in this case.

The connection of oxidative degradation under thermal
ageing to the durability of investigated materials empha-
sizes the necessity of detailed information of handling for
their long-term usage. The influence of hydrothermal factors
on material stability must be deeply known for their proper
selection envisaging both high stability and adequate envi-
ronmental behaviour.
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