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Abstract: High-density polyethylene (HDPE) geomembranes are polymeric geosynthetic materials
usually applied as a liner in environmental facilities due to their good mechanical properties, good
welding conditions, and excellent chemical resistance. A geomembrane’s field performance is
affected by different conditions and exposures, including ultraviolet radiation, thermal and oxidative
exposure, and chemical contact. This article presents an experimental study with a 1.0 mm-thick
HDPE virgin geomembrane exposed by the Xenon arc weatherometer for 2160 h and the ultraviolet
fluorescent weatherometer for 8760 h to understand the geomembrane’s behavior under ultraviolet
exposure. The evaluation was performed using the melt flow index (MFI) test, oxidative-induction
time (OIT) tests, tensile test, differential scanning calorimetry (DSC) analysis, and Fourier transform
infrared spectroscopy (FTIR) analysis. The sample exposed in the Xenon arc equipment showed
a tendency to increase the MFI values during the exposure time. This upward trend may indicate
morphological changes in the polymer. The tensile behavior analysis showed a tendency of the
sample to lose ductility, without showing brittle behavior. The samples’ OIT test results under both
device exposures showed faster antioxidant depletion for the standard OIT test than the high-pressure
OIT test. The DSC and FTIR analyses did not demonstrate the polymer’s changes.
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1. Introduction

Published: 26 May 2021

Geomembranes are polymeric geosynthetic material used as a barrier in environmental facilities, such as landfills, mining facilities, and leachate ponds. This product is
also utilized in waste liquid ponds, water ponds, farm ponds, adduction, and irrigation
canals [1–3]. High-density polyethylene (HDPE) geomembranes are usually used as liners
in environmental construction work due to good mechanical properties, good welding
conditions, and excellent chemical resistance [4].
An HDPE geomembrane’s field performance is affected by different conditions and
exposures, including ultraviolet radiation, thermal and oxidative exposure, and chemical
contact. These exposures can change the polyethylene’s morphology, causing a reaction
between the polymer chain with the oxygen molecule. Accelerated laboratory tests and
exhumed sample evaluations indicate essential responses for the durability issue [5–7].
The synergy between ultraviolet (UV) radiation and thermal exposure leads to the
geomembrane’s lifetime [8,9]. The wavelength of solar radiation extends from the infrared
(higher than 700 nm), through the visible spectrum (400 to 700 nm), and into the ultraviolet
(lower than 400 nm). A series of free radical reactions control the polyolefin’s degradation.
Polymer chain scission and polymer property degradation can occur when UV radiation
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reaches the geomembrane surface [10]. To protect the polymer from UV radiation, carbon
black is added to the resin during the manufacturing process, about 2 to 3% in mass,
typically with a particle size of 22–25 nm [2,10].
There are different methods to study the ultraviolet radiation effects on HDPE geomembranes, as the outside natural radiation exposure demands long-term evaluation,
and by the laboratory, using weatherometers [10]. The evaluation of ultraviolet radiation
on HDPE geomembranes at the laboratory can be proceeded by different weatherometers:
Xenon arc or an ultraviolet fluorescent tube device. Xenon arc weatherometer use in the
geosynthetics field is remote due to the high cost involved [11].
Sahu et al. [12] evaluated the influence of ultraviolet light on the thermal properties
of HDPE for different carbon black concentrations from 1 to 3%. The authors used an
ultraviolet fluorescent weatherometer for a cycle of 192 h. The Fourier transform infrared
spectroscopy (FTIR) and differential scanning calorimetry (DSC) were used to analyze the
HDPE behavior before and after UV exposure. The analysis confirms that the carbon black
was evenly dispersed without degradation in the HDPE matrix.
Jiang et al. [13] investigated an HDPE resin after 800 h of exposure in a Xenon arc
lamp device. Antioxidants and a UV absorber were added to understand their influences
on ultraviolet resistance. The authors performed FTIR, DSC, and TG (thermogravimetric)
analyses and the mechanical test. The results showed which UV absorbers presented better
results than the antioxidants. The samples with UV absorbers added maintained their
mechanical properties even after 600 h of exposure.
The field study provided by Reis et al. [14] evaluated five 2.0 mm-thick high-density
polyethylene geomembrane samples exposed in 8 different places in Portugal over 12 years.
The samples presented slight variations in the tensile properties, increasing elongation
properties, which was not explained by the authors. Locations with higher UV indexes
suggest an impact on tensile properties and antioxidant depletion.
The changes in the structural properties of high-density polyethylene film exposed to
UV-B radiation were studied by Martínez-Romo et al. [15]. The crystalline phase fraction
of high-density polyethylene film increased further after 30 days of exposure to UV-B
radiation, affecting the physical properties such as stiffness, dissolution resistance, and
dimensional stability. The results showed which sample had a high oxidation degree.
Mendes et al. [16] analyzed HDPE samples with and without additives exposed to
weathering in Rio de Janeiro, Brazil, up to 4000 h. The additives utilized were a phenol type
antioxidant and two HALS-type light stabilizers. The authors used FTIR analysis, DSC
analysis to determine the crystallinity, mechanical tests, and the variation of the sample’s
molecular weight was evaluated by gel permeation chromatography. The results showed
decreased elongation at break for the sample without additives, demonstrating the almost
total loss in ductility. The increase in crystallinity and reduction of molecular weight for
the sample without additives was still verified. The sample stabilized with the additives
remained constant for the exposure time, demonstrating the additives’ effectiveness.
Qureshi et al. [17] evaluated a linear low-density polyethylene (LLDPE) geomembrane
with 3.0 mm of thickness without stabilizers under weather exposure in Saudi Arabia.
After three months of exposure, the geomembrane presented losses higher than 50% in the
tensile properties.
A 16-year-old HDPE geomembrane exhumed from a mining facility in a freshwater
pond in Argentina and a 6-year-old HDPE geomembrane exhumed from an environmental
liner test site in Canada (both samples were 1.5 mm thick) were evaluated using the OIT
test by Rowe and Ewais [18]. The exhumed sample, after 16 years of service, presented
complete antioxidant depletion. The exhumed sample from the research site performed
well, presenting a modest antioxidant depletion. The antioxidant depletion for the research
site was faster for the slope location than the bottom location.
Lavoie et al. [19] used thermal analysis to evaluate a 1.0 mm thick HDPE geomembrane
exhumed sample from an industrial water pond after up to 2 years of service. Comparing
the exhumed sample with a virgin reference sample, the heating rate of 5 ◦ C min−1 at
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the TG analysis noted a different behavior for the exhumed sample, attributed to the
reaction time. For the thermomechanical analysis (TMA), the molecular relaxation between
30–65 ◦ C verified for the reference sample was not noted for the exhumed sample. According to the authors, these differences can indicate changes in the polymer morphology.
HDPE geomembranes are usually applied as a pond liner outdoors for the entire
service life. This work evaluated a high-density polyethylene smooth geomembrane
sample that was 1.0 mm thick, often used for geotechnical, environmental, and agricultural
applications, exposed by the Xenon arc weatherometer for 2160 h (90 days) in the shortterm of accelerated laboratory exposure, and the ultraviolet fluorescent weatherometer in
the short-term, medium-term, and long-term for 8760 h (365 days) of accelerated laboratory
exposure to understand the geomembrane’s behavior under ultraviolet exposure. This
work compared the geomembrane’s behavior between different ultraviolet devices for shortterm exposure, provided new data for the Xenon arc device exposure for the geosynthetics
study, and also provided new data for both the DSC analysis and FTIR analysis for HDPE
geomembranes after laboratory exposure. The evaluation was performed using the MFI
test, OIT tests, tensile test, DSC analysis, and FTIR analysis.
2. Materials and Methods
2.1. HDPE Geomembrane and Accelerated Weathering Tests
The present work analyzed an HDPE smooth geomembrane with 1.0 mm of nominal
thickness manufactured in Brazil. The material was produced by the extrusion-blown film
process and formulated with 96–97.5% of medium-density polyethylene (density ≥ 0.940 g cm−3 ),
2–3% of carbon black and 0.5–1.0% of antioxidants and thermostabilizers [20]. The geomembrane’s roll has dimensions of 5.90 m of width and 100 m of length. Table 1 shows
the samples’ initial properties.
Table 1. Initial values of high-density polyethylene geomembrane’s properties.
Property

Method

Unit

Mean Value

Thickness
Density
MFI (5.0 kg/190 ◦ C)
Carbon black content
Carbon black dispersion
Tensile break resistance
Tensile break elongation
Tear resistance
Puncture resistance
Stress crack resistance
Standard OIT
High-pressure OIT

ASTM D5199 [21]
ASTM D792 [22]
ASTM D1238 [23]
ASTM D4218 [24]
ASTM D5593 [25]

mm
g cm−3
g 10 min−1
%
Category
kN m−1
%
N
N
h
min
min

1.040 (±0.079)
0.958 (±0.002)
0.6800 (±0.0217)
3.14 (±0.13)
Category I
28.52 (±1.55)
733.47 (±10.76)
169.17 (±8.76)
434.17 (±18.19)
16.47 (±2.66)
40.49 (±0.73)
125.70 (±0.42)

ASTM D6693 [26]
ASTM D1004 [27]
ASTM D4833 [28]
ASTM D5397 [29]
ASTM D3895 [30]
ASTM D5885 [31]

Standard deviations are between brackets.

The GRI-GM13 [32] is an American standard specification for HDPE smooth and
textured geomembrane manufacturing quality control. This sample showed a carbon black
content slightly higher than the required value range (2–3%), stress crack resistance lower
than the minimum required value (500 h), and lower than the OIT minimum value required
for the OIT (100 min for the Standard OIT and 400 min for the High Pressure OIT).
A UV-weathering chamber was used from Equilam at Diadema, Brazil, model EQUV,
with fluorescent UVA-340 lamps, manufactured by Philips, programmed to work in cycles
of 20 ± 0.01 h of UV light at 75 ± 1 ◦ C followed by 4 ± 0.01 h of condensation at 50 ± 0.01 ◦ C
for periods of 960, 4380, and 8760 ± 0.01 h. As a reference, the standard test method used
was described by ASTM D7238 [33]. Moreover, the Xenon arc chamber used was from
Q-Lab in Cleveland, USA, model Xe-3-HS, with UVA-340 fluorescent lamps, manufactured
by Philips. The equipment was programmed to operate in 102 ± 0.01 min cycles with a
black panel temperature of 60 ± 1 ◦ C followed by 18 ± 0.01 min of light and water spray
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for periods of 960, 1639, and 2160 h ± 0.01 h. As a reference, the standard test method used
was described by ASTM G155 [34].
2.2. Melt Flow Index (MFI) Test
The melt flow index test [23] was carried out using a plastometer manufactured by
Instron at Norwood, USA, model CEAST MF20. The material was extruded through a
smooth bore (2.095 ± 0.005 mm in diameter and 8000 ± 0.025 mm long) at 190 ± 0.08 ◦ C
with a 5.0 ± 0.01 kg of deadweight. After 10 ± 0.01 min of the sample extrusion, the
material mass was measured using an analytical balance with 0.0001 g of precision.
2.3. Tensile Properties
The tensile test [26] was performed using a universal machine, manufactured by
EMIC at São José dos Pinhais, Brazil, model DL 3000, equipped with a 2-kN load cell and
pneumatic grips. The material was tested only for the machine direction and the analysis
was realized for the tensile at break. A test speed of 50 ± 0.05 mm min−1 and the IV dog
bone specimen were used. This test was conducted only for the aged samples from the
UV-weathering chamber. The aged samples from the Xenon arc chamber did not present
an adequate size to conduct this test.
2.4. Oxidative-Induction Time (OIT) Tests
The oxidative-induction time (OIT) was performed for the standard test (Std. OIT) [30]
and high-pressure test (HP OIT) [31], using DSC equipment, model Q20, manufactured
by TA Instruments in New Castle, USA, and an aluminum crucible (sample mass of
5 ± 0.5 mg). These tests were conducted in two phases: the endothermic reaction using
nitrogen gas purge followed by the specimen oxidation. The standard test was conducted at 200 ± 2 ◦ C with a constant oxygen pressure of 140 ± 5 kPa, a heating rate of
20 ± 1 ◦ C min−1 and flow rate of 50 ± 5 mL min−1 . The high-pressure test was conducted
at 150 ± 0.5 ◦ C with a heating rate of 20 ± 1 ◦ C min−1 and a constant oxygen pressure of
3.4 ± 0.06 MPa.
2.5. Differential Scanning Calorimetry (DSC) Analysis
The analysis was conducted using a nitrogen gas purge with a flow of 50 ± 5 mL min−1 ,
an aluminum crucible with a sample mass of 5 ± 0.5 mg, a heating rate of 10 ± 1 ◦ C min−1 ,
and a temperature range of 25 to 200 ± 2 ◦ C. The DSC equipment used was manufactured
by TA Instruments at New Castle, USA, model Q20.
2.6. Fourier Transform Infrared Spectroscopy (FTIR) Analysis
The FTIR analysis was carried out using a spectrometer manufactured by Thermo Scientific at Waltham, USA, model Nicolet iS10, with a wavenumber range of 400–4000 ± 4 cm−1 .
The samples were analyzed in spectra using the attenuated total reflectance (ATR) technique. This technique is used to obtain good quality spectra in solid materials, which
must be in perfect contact with the crystal. The conditions for recording the spectra were
16 sweeps and a scan resolution of 4.0 cm−1 , a sweep speed of 0.20 ± 0.01 cm s−1 at
20 ± 1 ◦ C. The spectrum was obtained using the OMNIC program. The absorption bands
and peak intensity were obtained using the function “find peaks”.
3. Results and Discussion
3.1. Melt Flow Index (MFI) Test Results
Table 2 presents the results of the MFI tests after ultraviolet exposure in the laboratory.
Figure 1 shows the behavior of the samples in percent for the two laboratory exposure
devices retained from the property. It can be observed that for the exposure in the Xenon
arc chamber, the sample showed continuous growth in the melt flow index during the
exposure times. On the other hand, the sample under exposure by the UV fluorescent
device showed variations in the results of the MFI tests during the exposure times.

Table 2. MFI test results after UV laboratory exposures.
Table 2. MFI test results after UV laboratory exposures.

Sample
Sample
Virgin
Virgin
UV fluorescent
UV fluorescent
UV fluorescent
UV fluorescent
UV
UVfluorescent
fluorescent
Xenon
Xenonarc
arc
Xenonarc
arc
Xenon
Xenon arc
Xenon arc

Exposure Time (h)
Exposure Time (h)
0
0
960
960
4380
4380
8760
8760
960
960
1639
1639
2160
2160

Standard deviations are between brackets.

MFI (g min−1)
0.6800 (±0.0217)
0.6800
0.0217)
0.7094(±(±0.0460)
0.7094 (±0.0460)
0.6275 (±0.0369)
0.6275 (±0.0369)
0.6991(±(±0.0594)
0.6991
0.0594)
0.6958
0.6958 (±(±0.0161)
0.0161)
0.7437
0.0514)
0.7437(±(±0.0514)
0.7677 (±0.0453)
0.7677 (±0.0453)

MFI (%)
100.0
100.0
104.33
104.33
92.29
92.29
102.81
102.81
102.33
102.33
109.36
109.36
112.89
112.89

MFI (g min−1 )

MFI (%)

Standard deviations are between brackets.
120
115

Retained MFI (%)
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laboratory. Figure 1 shows the behavior of the samples in percent for the two laboratory
exposure devices retained from the property. It can be observed that for the exposure in
the Xenon arc chamber, the sample showed continuous growth in the melt flow index
during the exposure times. On the other hand, the sample under exposure by the UV
fluorescent device showed variations in the results of the MFI tests during the exposure
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Many authors [20,35,36] described an understanding of the melt flow index result
Many authors [20,35,36] described an understanding of the melt flow index result
behavior. Generally, a decrease in MFI test results can indicate an increase in molecular
behavior. Generally, a decrease in MFI test results can indicate an increase in molecular
weight by cross-linking reactions; whereas, an increase in MFI can indicate a decrease in
weight by cross‐linking reactions; whereas, an increase in MFI can indicate a decrease in
molecular weight due to chain scission reactions. The MFI is a qualitative test to assess
molecular weight due to chain scission reactions. The MFI is a qualitative test to assess the
the polymer’s molecular weight. If the MFI value does not change after exposure, this
polymer’s molecular weight. If the MFI value does not change after exposure, this method
method is not sufficient to understand the material behavior. In this case, both reactions
is not sufficient to understand the material behavior. In this case, both reactions (cross‐
(cross-linking and chain scission) could occur at the same time. Lodi et al. [20] evaluated the
linking and chain scission) could occur at the same time. Lodi et al. [20] evaluated the MFI
MFI test results of high-density polyethylene geomembranes after 30 months of weathering
test results of high‐density polyethylene geomembranes after 30 months of weathering
exposure in Brazil. The results showed an increase of up to 50% for the 2.5 mm-thick
exposure
in Brazil.
The to
results
showed
increasesample.
of up toAccording
50% for the
2.5authors,
mm‐thick
sample and
decreased
15% for
the 0.8an
mm-thick
to the
the
melt flow index results for the 2.5 mm-thick geomembrane indicates chain scission.
The sample in the Xenon arc exposure chamber showed increases of 2, 9, and 13%,
respectively, for 960, 1639 and 2160 h of exposure. The increasing trend can indicate
changes in the polymer morphology. However, it was noted that the sample exposed in
the UV fluorescent device showed variations between the virgin samples of 4, −8, and 3%,
respectively, for 960, 1639, and 2160 h of exposure. In this case, there is no tendency to
explain the behavior of the material. These variations are probably related to variation in
the material’s properties due to the manufacturing process and variation in exposure to the
UV fluorescent device. The standard test method ASTM D7238 [33] prescribes the rotation
of the samples in the UV fluorescent device every week to minimize variations among the
samples.

3.2. Tensile Properties
3.2. Tensile Properties
Table 3 presents the tensile test results at break for the UV fluorescent device
Table 3 presents the tensile test results at break for the UV fluorescent device exposure.
exposure. Figure 2 shows the tensile behavior of the sample as a percentage retained from
Figure 2 shows the tensile behavior of the sample as a percentage retained from the
the property. The same behavior was noted for the resistance and elongation properties
property. The same behavior was noted for the resistance and elongation properties during
during
the exposure
The sample
exhibited
a tendency
lose ductility,
the exposure
time. time.
The sample
exhibited
a tendency
to loseto
ductility,
withoutwithout
showing
showing
brittle
behavior.
brittle behavior.
Table
3. 3.
Tensile
at at
break
test
results
after
UV
fluorescent
device
exposure.
Table
Tensile
break
test
results
after
UV
fluorescent
device
exposure.
Exposure
Time
Exposure
Time
(h)
(h)

00
960
960
4380
4380
8760
8760

Tensile
Tensile
Resist.
TensileResist.
Resist. Tensile
Resist.
(%)
−11)
(kN
(%)
(kN m
m−
)
28.52
100.0
28.52 (±1.55)
(±1.55)
100.0
20.87
73.18
20.87 (±1.12)
(±1.12)
73.18
20.09 (±1.64)
(±1.64)
70.45
20.09
70.45
20.00
(
±
1.54)
77.15
20.00 (±1.54)
77.15

Tensile
Tensile Elong.
Elong. Tensile
TensileElong.
Elong.
(%)
(%)
(%)
(%)
733.47
100.0
733.47 ((±10.76)
±10.76)
100.0
511.47
69.73
511.47 ((±13.67)
±13.67)
69.73
509.67 ((±16.20)
±16.20)
69.49
509.67
69.49
558.70
(
±
12.47)
76.17
558.70 (±12.47)
76.17

Standard deviations are between brackets.
Standard
deviations are between brackets.

110

Retained Tensile Properties (%)
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respectively, for 960, 1639, and 2160 h of exposure. In this case, there is no tendency to
explain the behavior of the material. These variations are probably related to variation in
the material’s properties due to the manufacturing process and variation in exposure to
the UV fluorescent device. The standard test method ASTM D7238 [33] prescribes the
rotation of the samples in the UV fluorescent device every week to minimize variations
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Figure 2. Tensile behavior of the samples after UV fluorescent device exposure.

Tensile properties were evaluated by Noval et al. [37] for an HDPE geomembrane with
Tensile
propertiesduring
were evaluated
Noval et al.
[37] forinan
geomembrane
1.5 mm of thickness
20 years ofby
weathering
exposure
theHDPE
San Isidro
reservoir in
with
1.5 The
mmresistance
of thickness
20 years
of weathering
exposure
the
Sanexamined.
Isidro
Spain.
and during
elongation
presented
the same trend
duringinthe
time
reservoir
in
Spain.
The
resistance
and
elongation
presented
the
same
trend
during
The lowest values found were after 8 years of exposure, with decreases of around 45the
and
time
examined.
The lowest
values
foundand
weretensile
after 8elongation.
years of exposure,
decreases
of
60%,
respectively,
for tensile
strength
After 20with
years
of exposure,
around
45 and
60%, respectively,
for tensile
tensile
After
20 years
the final
evaluation
showed decreases
ofstrength
about 25and
and
35%, elongation.
respectively,
for the
tensile
resistance and tensile elongation.
Lavoie et al. [19] noted the tensile brittle behavior tendency for a high-density polyethylene geomembrane with 1.0 mm of thickness after 2.25 years of weathering exposure in an
industrial water pond in Brazil.
The sample under UV fluorescent device exposure presented decreases for the tensile
resistance of 27, 30, and 23%, respectively, for 960, 4380, and 8760 h of exposure. The sample
presented decreases for the tensile elongation of 30, 31, and 24%, respectively, for 960, 4380,
and 8760 h of exposure. On average, the resistance and elongation decreased during the
exposure times by around 30%.

resistance of 27, 30, and 23%, respectively, for 960, 4380, and 8760 h of exposure. The
sample presented decreases for the tensile elongation of 30, 31, and 24%, respectively, for
960, 4380, and 8760 h of exposure. On average, the resistance and elongation decreased
during the exposure times by around 30%.
Membranes 2021, 11, 390

7 of 14

3.3. Oxidative‐Induction Time (OIT) Test Results
3.3.1. Standard Oxidative‐Induction Time (Std. OIT) Test Results
3.3. Oxidative-Induction Time (OIT) Test Results
Table
4 presents
the Std. OIT test
afterTest
theResults
ultraviolet exposures at the
3.3.1.
Standard
Oxidative-Induction
Timeresults
(Std. OIT)
laboratory. Figure 3 shows the behavior of the sample for both laboratory exposure
Table 4 presents the Std. OIT test results after the ultraviolet exposures at the laboratory.
devices in percent retained from the property. The antioxidant depletion for both
Figure 3 shows the behavior of the sample for both laboratory exposure devices in percent
exposures can be observed. The fastest antioxidant depletion occurred for the Xenon arc
retained from the property. The antioxidant depletion for both exposures can be observed.
exposure chamber considering that the exposure time was shorter than the exposure in
The fastest antioxidant depletion occurred for the Xenon arc exposure chamber considering
the fluorescent UV device.
that the exposure time was shorter than the exposure in the fluorescent UV device.
Table 4. Std. OIT test results after the UV laboratory exposures.
Table 4. Std. OIT test results after the UV laboratory exposures.

Sample
Sample
Virgin
Virgin
UV fluorescent
UV fluorescent
UV
fluorescent
UV fluorescent
UV
fluorescent
UV fluorescent
Xenon
Xenonarc
arc
Xenonarc
arc
Xenon
Xenon arc
Xenon
arc

Exposure Time (h)
Exposure Time (h)
0
0
960
960
4380
4380
8760
8760
960
960
1639
1639
2160
2160

Standard deviations between brackets.

Std. OIT (min)
Std. OIT (min)
40.49 (±0.73)
40.49
0.73)
37.63(±
(±3.30)
37.63 (±3.30)
28.32 (±2.11)
28.32 (±2.11)
11.30
11.30 ((((±1.48)
±1.48)
34.15(±
(±1.27)
34.15
1.27)
28.40
0.93)
28.40(±
(±0.93)
24.88 (±2.04)
24.88 (±2.04)

Std. OIT (%)
Std. OIT (%)
100
100
92.94
92.94
69.93
69.93
27.91
27.91
84.33
84.33
70.13
70.13
61,45
61,45

Standard deviations between brackets.
110

Retained Std. OIT (%)

100
90
80
70
60
50
40
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Figure 3. Std. OIT test results showing behavior of the samples after UV exposures.
Figure 3. Std. OIT test results showing behavior of the samples after UV exposures.

Reis et al. [14] evaluated the Std. OIT results for two weathering exposure locations
Reis et al. [14] evaluated the Std. OIT results for two weathering exposure locations
in Portugal. After 12 years of weathering exposure, the 2.0 mm-thick geomembrane
insamples
Portugal.
After 12
years of and
weathering
the 2.0 decreases
mm‐thick of
geomembrane
exposed
at Bigorne
Viana deexposure,
Castelo showed
about 40 and
50%, respectively.
The sample under exposure in the Xenon arc exposure chamber showed a decrease
in OIT values of 16, 30, and 39%, respectively, for 960, 1639, and 2160 h of exposure. The
sample under UV fluorescent device exposure demonstrated decreases of 7, 30, and 72%,
respectively, for 960, 4380, and 8760 h of exposure. The comparison of the OIT values
between the Xenon arc exposure chamber in 1639 h and the fluorescent UV exposure device
in 4380 h showed approximately the same consumption of antioxidants, demonstrating
that the fastest depletion rate of antioxidants was for the Xenon arc exposure chamber.
The fast antioxidant depletion was noted for both exposure devices, demonstrating the
ultraviolet radiation effect on the material’s antioxidants.

3.3.2. High‐Pressure Oxidative‐Induction Time (HP OIT) Test Results
3.3.2. High-Pressure Oxidative-Induction Time (HP OIT) Test Results
Table 5 presents the HP OIT test results after the ultraviolet exposures in the
TableFigure
5 presents
the HP
OIT
test results
after
the ultraviolet
exposures
in theexposure
laboratory.
laboratory.
4 shows
the
behavior
of the
sample
for the two
laboratory
Figure
4
shows
the
behavior
of
the
sample
for
the
two
laboratory
exposure
devices
devices in percent retained from the property. Similar antioxidant depletion for bothin
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Sample
Sample
Virgin
Virgin
UV fluorescent
UV fluorescent
UV
fluorescent
UV
fluorescent
UV
fluorescent
UV fluorescent
Xenonarc
arc
Xenon
Xenon
arc
Xenon arc
Xenon arc
Xenon arc

Exposure Time (h)
Exposure Time (h)
0
0
960
960
4380
4380
8760
8760
960
960
1639
1639
2160
2160

Standard deviations are between brackets.

HP OIT (min)
HP OIT (min)
125.70 (±0.42)
125.70
0.42)
118.02(±
(±2.62)
118.02 (±2.62)
103.09(±
(±2.13)
103.09
2.13)
80.96
(±1.46)
80.96 (±1.46)
124.69
0.86)
124.69(±
(±0.86)
119.17
(
±
2.10)
119.17 (±2.10)
114.83 (±1.20)
114.83 (±1.20)

HP OIT (%)
HP OIT (%)
100
100
93.89
93.89
82.01
82.01
64.40
64.40
99.20
99.20
94.80
94.80
91.35
91.35

Standard deviations are between brackets.
110
100

Retained HP OIT (%)
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between the Xenon arc exposure chamber in 1639 h and the fluorescent UV exposure
device in 4380 h showed approximately the same consumption of antioxidants,
demonstrating that the fastest depletion rate of antioxidants was for the Xenon arc
exposure chamber. The fast antioxidant depletion was noted for both exposure devices,
8 of 14
demonstrating the ultraviolet radiation effect on the material’s antioxidants.
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According to Hsuan et al. [35], the high-pressure OIT test can distinguish different
According to Hsuan et al. [35], the high‐pressure OIT test can distinguish different
types of antioxidants, and the test operation’s temperature promotes a good relation to the
types of antioxidants, and the test operation’s temperature promotes a good relation to
service conditions.
the service conditions.
The sample in the Xenon arc exposure chamber demonstrated decreases of 0.8, 5, and
The sample in the Xenon arc exposure chamber demonstrated decreases of 0.8, 5, and
9%, respectively, for 960, 1639, and 2160 h of exposure. The sample under UV fluorescent
9%,
respectively, for 960, 1639, and 2160 h of exposure. The sample under UV fluorescent
device exposure demonstrated decreases of 6, 18, and 36%, respectively, for 960, 4380, and
8760 h of exposure. A lower antioxidant depletion compared with the Std. OIT test was
noted for both exposures.
3.4. Differential Scanning Calorimetry (DSC) Analysis
Figure 5 shows the samples’ DSC curves of heating (A) and cooling (B). A curves’
overlap adjustment was performed to coincide with the peaks. Initially, the samples
were heated up to 200 ◦ C, where a peak attributed to the melting point was observed
(Figure 5A). For all samples, the melting point essentially has the same behavior, without
presenting any displacement or overlapping reactions due to the different exposure time of
the samples analyzed. This behavior can be explained because the polymer under melting
does not present crystallinity, predominating the disordered molecular material. The
degraded molecules by ultraviolet radiation or other radiation are involved in the melting
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3.5. Fourier Transform Infrared Spectroscopy (FTIR) Analysis
3.5. Fourier Transform Infrared Spectroscopy (FTIR) Analysis
Figure 6 shows the FTIR analysis for the UV fluorescent exposure device and the
Xenon arc exposure chamber, highlighting the range from 600 to 3100 cm−1 to check the
possibility of formations, breaks in the functional groups, and oxidative reactions. The
analyzed samples are formed by repetitions of CH2 groups. Consequently, the appearance
of absorbance bands characteristic of simple C–H bonds and Covalent C–C bonds is
expected using this technique [38,39].
The three modes of the C–H link vibration can be observed through the spectrum. The
bands observed in the range of 2800 to 3000 cm−1 refer to axial deformations C-H (Figure 7).
The angular vibration of CH2 was observed in the range of 1400 to 1500 cm−1 (Figure 8)
and the bands referring to the asymmetric deformation of CH2 were noted in the region
of 700–730 cm−1 (Figure 9) [39]. The low-intensity bands observed in the region between
1000–1250 cm−1 refer to the link’s vibrations C–C (Figure 10) [40]. It was not possible to
notice a significant variation in the obtained spectra, since the absorption intensities of the
bands were close.
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arc sample; 4—2160 h Xenon arc sample; 5—960 h UV fluorescent sample; 6—4380 h UV fluorescent sample; and 7—8760
h UV fluorescent sample.
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The bands observed in the range of 2800 to 3000 cm−1 refer to axial deformations C‐H
(Figure 7). The angular vibration of CH2 was observed in the range of 1400 to 1500 cm−1
(Figure 8) and the bands referring to the asymmetric deformation of CH2 were noted in
the region of 700–730 cm−1 (Figure 9) [39]. The low‐intensity bands observed in the region
between 1000–1250 cm−1 refer to the link’s vibrations C–C (Figure 10) [40]. It was not
possible to notice a significant variation in the obtained spectra, since the absorption
intensities of the bands were close.
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Figure 8. Absorption spectra region from 1420 to 1500 cm−1. 1—virgin sample; 2—960 h Xenon arc
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sample; 3—1639 h Xenon arc sample; 4—2160 h Xenon arc sample; 5—960 h UV fluorescent
sample; 6—4380 h UV fluorescent sample; and 7—8760 h UV fluorescent sample.
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It can be observed that all the functional groups characteristic of the polymer were
preserved showing that the exposures carried out under different conditions did not cause
the departure of any functional group and no reaction was also observed.
Variations in samples’ absolute absorbance values were observed, probably related
to the different conditions that samples were exposed to compared with the virgin sample.
The degradations caused by the exposures can indicate small morphological changes in
the polymers that did not present a trend. However, greater absolute absorbances can be
observed in the total spectrum (region of 600–3100 cm−1) for the exposed samples
compared with the virgin sample. Moynihan [41] also observed changes in the infrared
spectra for the PTFE polymer with different morphologies and related this change to the
intensity of the peaks. The intensity of the peaks decreased with the increase in
crystallinity caused by the exposure of the samples in different degradation conditions.
The changes were not sufficient to cause breaks in the functional group or other reactions
and did not follow a trend compared with the virgin
sample.
−
−11

Figure 10.
10. Absorption
Absorption spectra
spectra region
region from
from 1300
1300 to
to 950
950 cm
cm . .1—virgin
Figure
1—virginsample;
sample;2—960
2—960hhXenon
Xenonarc
arc
sample; 3—1639
3—1639 hh Xenon
Xenonarc
arcsample;
sample;4—2160
4—2160hhXenon
Xenonarc
arcsample;
sample;5—960
5—960hhUV
UVfluorescent
fluorescentsample;
sample;
sample; h6—4380
h UV fluorescent
sample;
and h7—8760
h UV fluorescent
6—4380
UV fluorescent
sample; and
7—8760
UV fluorescent
sample. sample.

4. Conclusions
It can be observed that all the functional groups characteristic of the polymer were
preserved
showing that
the exposures
carried of
out1.0
under
different
conditions
did not cause
This manuscript
analyzed
the behavior
mm‐thick
HDPE
virgin geomembrane
the
departure
of
any
functional
group
and
no
reaction
was
also
observed.
under exposures to two ultraviolet radiation devices for different exposure times. The
Variations inof
samples’
absolute
absorbance
werevalues
observed,
probably
to
characterization
the virgin
samples
showedvalues
property
according
torelated
the GRI‐
the
different
conditionsfor
that
samples
exposed
compared
with thetime
virgin
sample.
GM13,
with exceptions
stress
crackwere
resistance
andtooxidative
induction
values
(for
The
degradations
caused
by
the
exposures
can
indicate
small
morphological
changes
in
standard and high‐pressure tests), which showed values lower than the minimum
the
polymers
that
did
not
present
a
trend.
However,
greater
absolute
absorbances
can
required values. The HDPE geomembrane’s stress crack resistance
is led by the resin’s
1 ) for the exposed samples
be
observed
in the totalweight
spectrum
(region of
600–3100
cm−depend
density
and molecular
distribution.
The
OIT values
on the quantity and
compared
the
virgin sample.additive
Moynihan
[41] also observed changes in the infrared
the qualitywith
of the
geomembrane’s
package.
spectra
for
the
PTFE
polymer
with
different
morphologies
and related
this change
to the
The MFI is a qualitative test to assess the polymer’s molecular
weight.
The sample
intensity of the peaks. The intensity of the peaks decreased with the increase in crystallinity
under Xenon arc exposure chamber showed a trend to increase the MFI’s values during
caused by the exposure of the samples in different degradation conditions. The changes
the exposure time. This increasing trend can indicate changes in the polymer’s
were not sufficient to cause breaks in the functional group or other reactions and did not
morphology. The sample under UV fluorescent device exposure presented variations
follow a trend compared with the virgin sample.
among the virgin sample without a trend.
The tensile behavior analysis showed a sample’s trend to lose its ductileness, without
4. Conclusions
presenting brittle behavior. The resistance and elongation decrease during the exposure
This manuscript analyzed the behavior of 1.0 mm-thick HDPE virgin geomembrane
time for the UV fluorescent device exposure was, on average, about 30%.
under exposures to two ultraviolet radiation devices for different exposure times. The
The samples’ OIT test results under both device exposures showed faster antioxidant
characterization of the virgin samples showed property values according to the GRIdepletion for the standard OIT test than the high‐pressure OIT test. The higher
GM13, with exceptions for stress crack resistance and oxidative induction time values (for
temperature of the standard assay may have contributed to the faster antioxidant
depletion. After 8760 h of exposure, the sample under UV fluorescent device exposure
decreased 75% for the Std. OIT test and 36% for the HP OIT test. For the Xenon arc
exposure chamber, the sample tested demonstrated a decrease of 35% for the Std. OIT test
and 8% for the HP OIT test after 2160 h of exposure. For the Std. OIT test results,
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standard and high-pressure tests), which showed values lower than the minimum required
values. The HDPE geomembrane’s stress crack resistance is led by the resin’s density and
molecular weight distribution. The OIT values depend on the quantity and the quality of
the geomembrane’s additive package.
The MFI is a qualitative test to assess the polymer’s molecular weight. The sample
under Xenon arc exposure chamber showed a trend to increase the MFI’s values during the
exposure time. This increasing trend can indicate changes in the polymer’s morphology.
The sample under UV fluorescent device exposure presented variations among the virgin
sample without a trend.
The tensile behavior analysis showed a sample’s trend to lose its ductileness, without
presenting brittle behavior. The resistance and elongation decrease during the exposure
time for the UV fluorescent device exposure was, on average, about 30%.
The samples’ OIT test results under both device exposures showed faster antioxidant
depletion for the standard OIT test than the high-pressure OIT test. The higher temperature
of the standard assay may have contributed to the faster antioxidant depletion. After
8760 h of exposure, the sample under UV fluorescent device exposure decreased 75% for
the Std. OIT test and 36% for the HP OIT test. For the Xenon arc exposure chamber, the
sample tested demonstrated a decrease of 35% for the Std. OIT test and 8% for the HP OIT
test after 2160 h of exposure. For the Std. OIT test results, considering the lower exposure
time, the fastest antioxidant depletion occurred for the Xenon arc exposure chamber than
the UV fluorescent device exposure.
The samples’ DSC curves under heating and cooling presented no differences during
the exposure for both devices. The coincident melting and crystallization points obtained
can be explained by the predominating disordered molecular material in the endothermic
process and the trend to ordinate the polymer’s melted molecules in the exothermic process.
The FTIR analysis was carried out for the range of 600 to 4000 cm−1 to check for possible formations, breaks in functional groups, and oxidative reactions. For both exposures
the analysis showed that it did not cause any departure from functional groups and no
reaction was observed. All functional groups characteristic of the polymer were preserved.
Variations in samples’ absolute absorbance values were observed, probably related to the
different conditions that samples were exposed to compared with the virgin sample. The
changes were not sufficient to cause breaks in the functional group or other reactions and
did not follow a trend compared with the virgin sample.
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