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Understanding and quantifying the eﬀect of degradation on the chemical and physical properties of LDPE ﬁlms is
crucial for maintaining high quality of recycled LDPE products. Thermal gravimetric analysis coupled with mass
spectroscopy (TGA-MS), Fourier transform infrared spectroscopy (FTIR), diﬀerential scanning calorimetry and
electron microscopy combined with modulated TGA (MTGA) were used to evaluate LDPE ﬁlms that sustained
natural and accelerated weathering. Cross-referencing the chemical changes occurring to the LDPE samples
during the weathering process with the dynamic results of MTGA provided a strong correlation between the
release of caged water from the bulk of the LDPE and a speciﬁc energy value (E′), termed here as ‘volitalization
energy’. The E′ value and the temperature at which it is measured are shown, for the ﬁrst time, to be descriptors
for the extent of photo-degradation. The data for accelerated- and naturally-induced degradation show a similar
trend with respect to the eﬀect of UVA radiation. A strong correlation is shown between the extent degradation
determined by the traditional carbonyl index and the rate of water evaporation at the E′ temperature.

1. Introduction
Exceptional thermal and chemical properties combined with excellent processability are what makes polyethylene (PE) one of the most
extensively used synthetic polymers [1]. Unfortunately, the highly
stable chemical structure of PE is also what makes it not biodegradable,
resulting in the accumulation of huge amounts of post-usage waste [2].
The weathering of PE is known to have a strong damaging eﬀect on its
chemical and mechanical properties, leading in many cases to early
application failure [3–5]. Hence, much emphasis is placed on mitigating these negative eﬀects in an eﬀort to extend the service life of PEbased products and substantially increase the use of recycled PE [6].
This has stimulated much research into the understanding and quantiﬁcation of the governing photo-oxidative degradation processes and
their eﬀect on the micro and macro scale of PE7.
Modulated thermal gravimetric analysis (MTGA), ﬁrst introduced
by Blaine and Hahn in 1998, was developed as a tool to obtain continuous kinetic information on the decomposition processes of polymers
[8,9]. The technique is based on an oscillating temperature program
superimposed on a linear heating proﬁle, which produces a sine wave
force function. In this method, the rate of mass change is continuously
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measured as a function of the oscillating temperature generating local
maximum and minimum temperature values (termed as ‘peaks’ and
‘valleys’). Using these values, the continuous activation energy curve is
plotted according to equation (1) [7]:

E=

RTP TV ln(dαP / dαV )
TP − TV

(1)
−1

where dαP is the mass rate-of-change (% min ) at the temperature
(TP ) where the peak is found and dαV is the mass rate-of-change (%
min−1) at the temperature (TV ) where the valley is found. For more
details regarding this equation please see Supporting Information,
Equations S1-S2, and ASTM E2958 [10].
In traditional MTGA, multiple cycles of the sine wave are collected
to plot the continuous activation energy curve, see Fig. 1. From the
plateau region in the continuous energy curve we can calculate the
activation energy for LDPE decomposition (E) [9]. As can be seen in
Fig. 1, there are two sharp peaks at the onset and oﬀset of the continuous activation energy curve. The most current claim is that these
two sharp points are unrealistically high, and hence do not have any
physical meaning [7,8].
Herein, we used the MTGA method to study the photo-degradation
eﬀect on low-density PE (LDPE) and evaluate the change in E values.
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Fig. 1. Modulated thermogram (black trace) and the corresponding continuous activation
energy curve (gray trace) for neat LDPE (un-weathered control sample). The inset depicts
the corresponding modulated derivative.

measurement, a sample of 3.8 ± 0.3 mg, consisting of 6 small circular
ﬁlms (50 ± 2 μm thick and 5 mm in diameter), was placed in a “ﬂower
shape” arrangement within a platinum pan to obtain optimal heat
transfer. The sample was ﬁrst conditioned at 35 °C under nitrogen atmosphere (99.999%) for 30 min at a ﬂow rate of 25 mL min−1 and
subsequently heated from 35 °C up to 500 °C at a rate of 2 °C min−1
under nitrogen. The temperature modulation amplitude was ± 5 °C for
a period of 200 s. To reduce statistical error, three independent measurements were carried out for each sample. Following each test the
TGA pan was cleaned by heating under air. The activation energy (E)
and pre-exponential factor (log Z) were calculated using the TA universal analysis software. Notably, the speciﬁc set of parameters used
here for the MTGA analysis were obtained following an optimization
process conducted using the method described by Blaine and Hahn, for
more details see Refs. [9,18]. The interested reader is referred to section
2 and Fig. S3 in the SI for more details on the parameter selection for
the LDPE sample used here.

Surprisingly, we ﬁnd that the photo-degradation process has no eﬀect
on the traditionally calculated E values [11–17], neither under natural
nor under accelerated weathering conditions. In contrast to what is
currently perceived, we show here that the extent of LDPE photo-degradation is linearly correlated to the onset value associated with the
measured activation energy curve. Analyzing the properties of LDPE
using MTGA and TGA-mass spectrometry (TGA-MS) we show that this
measured activation energy onset corresponds to the energy needed for
the volatilization of water molecules locked within the polymer framework. We further show that the amount of water lost at a speciﬁc
onset value is correlated with the value of the carbonyl index (CI),
which is traditionally used to evaluate the extent of photo-degradation.
We therefore term the energy value measured at the onset of the continuous activation energy curve as the E′, the energy of volatilization.

2.3.2. Thermal gravimetric analysis-coupled with mass spectrometry (TGAMS)
TGA-MS experiments were carried out using a LABSYS Evo TGA
(Setaram, France) coupled to a QGA mass spectrometer (Hiden
Analytical, England), monitoring molecular species with 1–200 m/z.
The QGA was equipped with two detectors; Faraday cup and SEM
(secondary electron multiplier). Samples (12 ± 2 mg) were ﬁrst conditioned at 35 °C under argon atmosphere (99.999%) for 30 min at a
ﬂow rate of 25 mL min−1, and subsequently heated from 35 °C to
500 °C at a rate of 2 °C min−1 under argon. The discharge gas was
transferred to the QGA through a capillary gas connection heated to
210 °C by applying a vacuum of 10−6 torr. TGA data was analyzed
using Calisto thermal analysis software and the MS data was analyzed
using the MASsoft 7.

2. Experimental section

2.3.3. Fourier transform infrared - attenuated total reﬂectance (FTIR-ATR)
Samples were measured on a Thermo 6700 FTIR instrument
equipped with a DTGS-detector and a diamond ATR device (Smart iTR).
Spectra were collected at a range of 500–4000 cm−1 and the instrument
resolution was set to 4 cm−1 with 16 scans per spectrum. For each
sample, at least 5 independent measurements were collected.

2.1. Preparation of LDPE ﬁlms
LDPE samples (Ipethene 4203 by Carmel Oleﬁns Ltd. Haifa, Israel),
without stabilizing additives, with a MFI of 0.2 g/10 min and a density
of 0.92 g cm−1 were used in this study. Thin ﬁlms (50 ± 2 μm thick)
were produced using a 30 mm single-screw extruder (L/D ratio of 30:1
with a screw speed of 120 rpm) equipped with a ﬁlm blowing line
(Labtech Engineering, Thailand). The die temperature was adjusted to
210 °C and the blown ratio was 2.5.

2.3.4. Diﬀerential scanning calorimetery (DSC)
DSC measurements were performed using a Mettler-Toledo DSC-1
instrument equipped with HSS7 - High Sensitivity Sensor. For analysis,
LDPE samples (5.2 ± 0.3 mg) were placed in 40 μl sealed aluminum
pans and measured under nitrogen atmosphere at a ﬂow rate of
25 mL min−1. Measurements consisted of the following four sequential
steps: (1) heating from −10 °C to 160 °C, (2) sample maintained at
160 °C for 3 min, (3) cooling to −10 °C and (4) heating to 160 °C. All
steps were carried out a constant rate of 10 °C min−1. The degree of
crystallinity (Xc) was calculated using the following equation:

2.2. Weathering conditions
The LDPE ﬁlms were weathered under natural and accelerated
conditions. For natural weathering (NW), the ﬁlms were exposed on the
roof of our laboratory at Kibbutz Magal, Israel, for a period of four
months (March–July 2015). Specimens were ﬁxed in a custom-built
setup, in which the ﬁlms were positioned facing south at an angle of 45°
with respect to the ground. The temperature, relative humidity and
total irradiance were continuously recorded during exposure.
Accelerated weathering (Acc) was conducted in a QUV tester (Q-Lab,
USA) and the ﬁlms were exposed to UVA irradiance (1.55 W m−2) at
60 °C with natural humidity created by the presence of an open water
bath. No humidity cycles were performed. The weathered ﬁlms were
removed at designated time intervals for subsequent characterization.

Xc =

ΔHm
fP ΔHm0

(2)

where, ΔHm is the latent fusion heat, fP is the LDPE weight fraction,
and ΔHm0 is the theoretical latent heat of fusion for 100% crystalline
LDPE (293 J g−1) [19].
2.3.5. High resolution scanning electron microscopy (HRSEM)
The morphology of the ﬁlms was studied using a Zeiss Ultra-Plus
Schottky ﬁeld emission gun SEM (FEG-SEM) system operated at 1 keV.
For cross-section analysis the ﬁlms were cryogenically fractured in liquid nitrogen. To minimize charging eﬀects samples were gold sputtered (Polaron sputter coater E5150) prior to imaging.

2.3. Characterization
2.3.1. Modulated thermal gravimetric analysis (MTGA)
MTGA analysis was carried out using a TGA Q5000 IR (TA
Instruments, USA) according to ASTM E2958-14 [10]. For each
195
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3. Results and discussion
The MTGA curve of the neat LDPE (un-weathered control sample)
shows a single weight loss process at a temperature range of
190–435 °C, see Fig. 1. According to prior literature [20,21] and our
TGA-MS studies (data not shown), under N2 ﬂow this mass loss is associated with the decomposition of LDPE and release of volatile hydrocarbons species, mainly Cn H2n , n ∼ 4 − 14 . The sinusoidal
heating process induced a modulated derivative weight curve, presented in the inset of Fig. 1. This modulated thermogram was used to
calculate the continuous activation energy curve using Equation (1).
Fig. 1 shows that below 290 °C and above 435 °C there is no weight
change, i.e. dαp/ dαV = 0 , rendering the activation energy undeﬁned,
please refer to Fig. S1 and the related equation in the Supporting Information for a more detailed explanation. The initial value of the activation energy curve is observed as a sharp peak at a temperature of
290 °C, with a corresponding value of 800 kJ mol−1. A second sharp
peak is observed at 435 °C, with a corresponding value of
1250 kJ mol−1, designating the end of mass loss. The formation of the
two peaks is the result of the mathematical dependence of the continuous activation energy curve on the weight loss, see Supporting Information. Historically, these values marked the “transition regions”
[18], in which the activation energy had insuﬃcient data for proper
deconvolution. At the temperature range between 350 °C and 390 °C
the curve can be observed to plateau at a value of ∼190 kJ mol−1. This
value ﬁts well with the ‘activation energy’ (E) for LDPE decomposition,
as reported by Flynn and Wall in their MTGA studies [9,22].
Performing a similar analysis for LDPE samples that have undergone
diﬀerent extent of weathering, either induced or natural, we found similar main features in the continuous activation energy curve. Fig. 2
presents the modulated thermograms and the corresponding continuous
activation energy curves for LDPE ﬁlms following accelerated weathering for diﬀerent exposure durations. Interestingly, all samples were
found to exhibit a plateau value of 190 kJ mol−1 at the same temperature range, regardless of the extent of weathering. Distinctly, we
found that E′, the energy obtained for the ﬁrst transition peak, and the
temperature at which it appears was highly dependent on the weathering duration and the weathering conditions, for more details refer to
Fig. S2 in the Supporting Information. For example, the E′ value for
LDPE sample that was weathered for 504 h is 428 kJ mol−1, which is
372 kJ mol−1 lower than that of the un-weathered control LDPE. Furthermore, the E′ for the 504 h-weathered sample appears at a temperature of 153 °C, which is lower by 138 °C than that of the unweathered control LDPE sample. The trends in E′, shown in Fig. 2, led
us to postulate that the E′ value and the temperature at which it appears
may have a thermodynamic interpretation.

Fig. 3. Thermograms (black trace) and corresponding MS signal of H2O (red trace, intensity normalized to sample mass) for un-weathered control LDPE ﬁlm (t = 0 h) and a
sample weathered for 504 h (UVA 1.55 W m−2 at 60 °C). (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this
article.)

To investigate this further, we performed extensive TGA-MS studies
in order to identify chemical species that were released at the temperature range where E′ appears. For clarity, Fig. 3 presents the data
only for the two extreme samples t = 0 h (un-weathered control
sample) and t = 504 h. For each sample, the temperature for the ﬁrst
transition region, designated as E′, was characterized by a 1–2% mass
loss. During the TGA analysis, we scanned a range of mass-to-charge
ratio (m/z) values to look for potential volatiles. Our analysis showed
that only water (m/z = 18) and traces of CO2 (m/z = 44) were released from the ﬁlm during heating prior to the complete decomposition region. It can be seen in Fig. 3 that, for the control sample (t = 0),
there is hardly any water release, which is consistent with the lack of
oxygen in the sample and the inert carrier gas. However, the weathered
LDPE ﬁlms (t = 504 h) exhibited a signiﬁcantly higher release of H2O
and a trace of dissolved CO2, starting at a temperature as low as 50 °C.
The degradation by exposure to UVA radiation is known to form free
radicals within the polymer matrix. These radical species cause chain
session and react with oxygen from air to generate polar side groups,
such as –OH, C=O, COOH and COO-, on the backbone of the polymer
matrix [23–26].
More speciﬁcally, at early stages of LDPE photo oxidative degradation, the alkyl radicals react with atmospheric oxygen to form
alkyl peroxy radicals. These radicals further react to form ketone groups
followed by β-scission [27]. Prior literature has shown that photo-oxidative degradation of LDPE occurs via a convoluted reaction mechanism, which follows the Norrish Type I (N-I) and Norrish Type II (NII) [28]. In short, the N-I involves the direct scission of the bond adjacent to an excited carbonyl group, with the formation of two radicals
leading to the formation of terminal alcohol and carboxyl acid groups.
The N-II proceeds through a chain scission without producing radicals
leading to the formation of vinylidenes and aldehydes [29].
The FTIR-ATR spectra for the Acc and NW, as a function of
weathering time, and the speciﬁc band assignments are provided in
Fig. 4 and Fig. S4, respectively. Analysis of the data related to Acc
samples, Fig. 4a, shows that the band at 3438 cm−1, corresponding to
the stretching vibrations of υ (O − H ) in the formed hydroperoxides and
alcohols [23,24,30,31], increases as a function of the weathering
duration. Additionally, increasing amounts of carbonyl complexes were
found to appear in the region of 1800-1650 cm−1. This range contains a
combination of overlapping individual bands attributed to speciﬁc
groups such as aldehydes (1740-1733 cm−1), carboxylic acid groups
(1708-1698 cm−1), ketones 1714 cm−1 (1723-1713 cm−1) and lactones (1786-1780 cm−1) [23,31–42]. A third band was found to grow
with weathering duration at 1170 cm−1, typically assigned to υ (C − O )
stretching vibrations in ether, carboxyl and hydroxyl groups [23,31].
The increase in the amount of unsaturated hydrocarbon groups appear
as vinyl group at 910 cm−1 25, 26, 34.

Fig. 2. Modulated thermograms and the corresponding continuous activation energy
curve for LDPE ﬁlms under induced weathering (UVA 1.55 W m−2 at 60 °C) for diﬀerent
exposure periods (a = 0 h (control), b = 72 h, c = 144 h, d = 216 h, e = 288 h,
f = 360 h, g = 432 h, h = 504 h).
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Fig. 5. (a) E′ and (b) T’ (E′ onset temperature) values vs. weathering time under accelerated and natural conditions. Data are the average of 3 independent measurements for
each sample.

Fig. 4. FTIR-ATR spectra of LDPE ﬁlms under (a) accelerated weathering (UVA
1.55 W m−2 at 60 °C) and (b) natural weathering for diﬀerent exposure durations.

As can be expected, the NW samples also showed an increase in the
amount of hydrophilic side groups with increase in weathering duration, Fig. 4b. However, the speciﬁc bands that form in the NW samples
were diﬀerent from the Acc samples. The NW samples show the formation of a complex carbonyl band at 1780-1708 cm−1, an ester band
at 1180-1169 cm−1, a dominant ether band at 1140-940 cm−1, a wider
hydroxyl groups at 3800-3050 cm−1 and a relatively moderate formation of the carbonyl band. In addition, the NW samples showed the
formation of a vinylidene band at 880 cm−1.
The diﬀerences between the degradation mechanism of the Acc and
the NW sample, measured by FTIR, are attributed to the diﬀerent
conditions under which the samples were weathered. It seems that,
under the conditions used here in the Acc, the N-I mechanism was more
dominant than the N-II mechanism, while in the NW the N-II mechanism was the dominant one. Irrespective of the speciﬁc degradation
path, both N-I and N-II mechanisms lead to the production of hydrophilic side groups on the LDPE backbone, as can clearly be seen in the
FTIR-ATR analysis in Fig. 4. This is consistent with the higher content of
water in the Acc and the NW weathered LDPE samples, as compared to
the control samples.
When plotting the values of E′ as a function of weathering time (see
Fig. 5a), either for accelerated or natural weathering, we ﬁnd excellent
linear correlation. Moreover, a similar observation can be made when
plotting the E′ onset temperature (termed as T′) as a function of
weathering duration, see Fig. 5b. The rate of degradation in the samples
that sustained accelerated weathering was 10-fold faster than the rate
of the samples that were weathered under natural conditions. Interestingly, we ﬁnd that the ratio between the slope obtained for E′ and
that of T′ as function of weathering time, under both accelerated,
′ (t )/ dT (EAcc
′ ) , and natural conditions, dENW
′ (t )/ dT (ENW
′ ) , is equal.
dEAcc
This supports our hypothesis that the values of E′ and T′ originate from
intrinsic thermodynamic changes sustained by the LDPE during the
weathering process. Cross-referencing the MTGA results with those of
the TGA-MS, showing that mostly water molecules were released before
the main decomposition, we deﬁne E′ as the ‘volatilization energy’ for

removal of water. As mentioned above, the presence of water is due to
the presence of hydrophilic side groups, which become more abundant
with the weathering duration.
As demonstrated above, the value for E′ was extracted from a
gravimetric analysis (MTGA) that followed the water loss by diﬀusion
from the bulk of the weathered LDPE samples. The diﬀusion of water
from the LDPE bulk is a dynamic process, which is strongly dependent
on the chemical and physical properties of the sample. As changes to
the microstructure of the polymer, such as crystallinity and porosity,
are well known to be temperature dependent, it is important to study
these eﬀects on the how E′-values.
The eﬀect of weathering/degradation on the crystallinity of LDPE
was assessed by out diﬀerential scanning calorimetry (DSC) measurements. It is known that the degradation process of LDPE depletes tie
chains and amorphous regions with an associated recrystallization
causing an increase in the degree of crystallization, Xc [43–51]. The
results, summarized in Table 1, show that the degree of crystallization
increases with the weathering duration. The diﬀerences in the Xc values
are observed to be more pronounced when calculated from the enthalpy
of melting of the ﬁrst heating cycle rather than the values obtained from
Table 1
Degree of crystallinity (Xc) values of LDPE ﬁlms after diﬀerent accelerated weathering
durations, as calculated from the DSC 1st and 2nd heating runs.
Weathering duration (h)

0
72
144
216
288
360
432
504
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Xc (%)
1st heating

2nd heating

24.3
28.7
30.3
32.9
36.1
34.3
37.3
38.0

26.9
26.9
27.6
28.2
29.4
28.4
29.5
29.0
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oxidation of PE [24,31,35,56–59]. The data obtained for the carbonyl
index (CI) of the weathered sample is plotted here as a function of the
rate of mass loss (%) at E′, see Fig. 7. As can be seen, for the accelerated
weathering these two independent measurements and techniques, FTIR
vs. MTGA, show a good correlation, which strongly supports our ﬁndings. The extent of degradation as measured by the CI for both the NW
and Acc samples are shown to be well correlated with the trend obtained by MTGA. It is further evident that the NW samples exhibit relatively low degradation as compared to the Acc samples, consistent
with the 10 fold lower E′ values shown in Fig. 5.
4. Conclusions
We show that chemical and physical changes occurring during the
degradation process of LDPE are correlated to the energy needed to
initiate the removal of water from the bulk of the LDPE. Quantitatively,
the energy and the temperature that represent the extent of degradation
were measured by MTGA. The water volatilization energy, termed here
as E′, is shown to be a descriptor for the extent of degradation. We show
that E′ is strongly correlated with the brittleness degree of the LDPE
ﬁlms and energy needed for water volatilization through the cracks and
crazes. Analysis shows similar trends for both accelerated and natural
weathering with a constant factorial ratio between the two types of
exposures. It is shown that the value of E′ can provide a quantitative
measure for the extent of degradation of bulk LDPE samples, that
cannot be analyzed using conventional spectroscopic methods.

Fig. 6. Cross-sectional HRESM image of LDPE sample, which was weathered for 504 h
under UVA 1.55 W m−2 at 60 °C.
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Fig. 7. Carbonyl index vs. % rate of water loss at E′ for diﬀerent exposure durations of
accelerated weathering (UVA 1.55 W m−2 at 60 °C). Note that error bars are included and
represent data from 3 independent measurements.
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the second heating cycle. It is well established that chain scission is
more pronounced with longer exposure duration of the LDPE ﬁlms to
photo-oxidative conditions [52–54], which is measured as a decrease in
the polymer molecular weight. Thus, in the samples that sustained
longer duration of weathering, the LDPE chains are of lower molecular
weight, and hence have higher degree of mobility. This in-turn enhances the overall crystallinity of the sample while it recrystallizes in
the cooling step between the 1st and 2nd cycles [5,25]. The higher
crystallinity of the degraded samples is well-known to be also accompanied by an increase in the LDPE brittleness [55]. This in turn results
in the formation of cracks in the skin of the LDPE ﬁlm, see HRSEM
images in Fig. 6. The increase in the brittleness of the sample with the
duration of weathering correlates well with the decrease in the energy
of volatilization E’. Presumably, the increase in sample cracking can be
ascribed to the enhanced diﬀusion of water out from the bulk of the
LDPE ﬁlm, thus lowering the energy needed to release these trapped
water molecules. It can be inferred that, with the increase in weathering
duration, the presence of hydrophilic side groups is extended deeper
into the bulk of the LDPE. Hence, as the weathering duration increases,
the water molecules may reside deeper into the bulk of the LDPE ﬁlm.
This will enhance the diﬀusion length for the water molecules and in
turn the energy needed for their removal.
Traditionally, the extent of photo degradation is evaluated using the
well-established parameter of the carbonyl index, which deﬁned as the
ratio between the integrated band absorbance of the carbonyl at
1714 cm−1 and that of the LDPE bending vibration of methylene
(1463 cm−1), and is conventionally used to characterize the degree of
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