
Citation: Wang, Z.; Wang, Z.; Liu, D.;

Wang, Q. Peculiarity of the

Mechanism of Early Stages of

Photo-Oxidative Degradation of

Linear Low-Density Polyethylene

Films in the Presence of Ferric

Stearate. Polymers 2023, 15, 3672.

https://doi.org/10.3390/

polym15183672

Academic Editor: Markus Gahleitner

Received: 15 August 2023

Revised: 2 September 2023

Accepted: 5 September 2023

Published: 6 September 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

polymers

Article

Peculiarity of the Mechanism of Early Stages of
Photo-Oxidative Degradation of Linear Low-Density
Polyethylene Films in the Presence of Ferric Stearate
Zhiming Wang 1, Zhongwei Wang 2, Dayong Liu 3,* and Qingzhao Wang 1,*

1 College of Chemical and Biological Engineering, Shandong University of Science and Technology,
Qingdao 266590, China; wang_zhiming@126.com

2 College of Materials Science and Engineering, Shandong University of Science and Technology,
Qingdao 266042, China; wangzhongwei@fusilinchem.com

3 College of Chemistry and Pharmaceutical Engineering, Huanghuai University, Zhumadian 466300, China
* Correspondence: 20070735@huanghuai.edu.cn (D.L.); qzhwang@sdust.edu.cn (Q.W.)

Abstract: Ferric stearate (FeSt3) is very efficient in accelerating polyethylene (PE) degradation, but
there is a lack of exploration of its role in accelerating the early stages of polyethylene photo-oxidative
degradation. This study aimed to investigate the effect of FeSt3 on the photo-oxidative degradation
of PE films, especially in the early stages of photo-oxidative degradation. The results show that FeSt3

not only promotes the oxidative degradation of PE but also contributes significantly to the early
behavior of photo-oxidative degradation. Moreover, the results of the density functional theory (DFT)
calculations proved that the C-H in the FeSt3 ligand was more easily dissociated compared with the
PE matrix. The generated H radicals participate in the coupling reaction of the primary alkyl macro
radicals leading to the molecular weight reduction, thus significantly increasing the initial rate of
molecular weight reduction of PE. Meanwhile, the transfer reaction of the dissociation-generated
C-centered radicals induced the PE matrix to produce more secondary alkyl macroradicals, which
shortened the time to enter the oxidative degradation stage. This finding reveals the mechanism
by which FeSt3 promotes the degradation of PE at the early stage of photo-oxidative degradation.
It provides guiding significance for the in-depth study of the early degradation behavior in photo-
oxidative degradation on polyolefin/FeSt3 films.

Keywords: ferric stearate; mechanism; PE/FeSt3 films; photo-oxidative degradation; DFT calculations

1. Introduction

Polyethylene film, with excellent characteristics such as low cost, high strength and
puncture properties, and light weight, has a wide range of applications in disposable prod-
ucts, packaging films, and agricultural land films [1,2]. The widespread use of polyethylene
film has brought a great burden to the environment while facilitating our daily lives. It
is well known that polyethylene is extremely difficult to degrade under natural condi-
tions, and most polyethylene products have a very short life span, which causes a large
amount of polyethylene waste to accumulate in the environment. Studies have shown that
polyethylene waste has become a serious threat to freshwater lakes [3,4], groundwater,
soil environments, and marine ecosystems. Recycling of polyethylene film products is
not economically viable [5,6], and incineration and landfills create new environmental
problems [7,8], which are not sustainable ways to dispose of polyethylene waste. The intro-
duction of a certain amount of carbonyl groups in the polyethylene chain and the addition
of suitable co-oxidants are two currently effective strategies to increase the degradation
rate of polyethylene. Obviously, the addition of a suitable co-oxidant to polyethylene is
more valuable for research, since the former affects the mechanical properties of polyethy-
lene [9,10].
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The most common co-oxidants are complexes consisting of transition metals with
stearic acid or other organic ligands [11–15]. In particular, stearic acid complexes of
iron [16–19], cobalt [20], and manganese [21] can be added to the polyethylene matrix as
co-oxidants to greatly accelerate its degradation rate. Studies have shown that iron stearate
is a good photo-oxidation aid to initiate the photo-oxidative degradation of polyethylene,
while manganese stearate mainly plays a role in the thermo-oxidative degradation of
polyethylene [22]. Additionally, natural light can initiate the degradation of polyethylene
even at ambient temperatures. Thus, the degradation of polyethylene is mainly manifested
as photo-oxidative degradation in natural environments. This is in contrast to thermal
oxygen degradation, which is usually studied in accelerated tests at 70 ◦C or above, but
is difficult to achieve in natural environments [23]. Iron stearate is widely used as a
cheap, easy to obtain, and effective photo-oxidation additive to study the photo-oxidative
degradation of polyethylene. It is not difficult to understand the reasons for its popularity.

The polyethylene photo-oxidative degradation process commences with the cleavage
of the C-C and C-H bonds in the molecule [24,25], as shown in Scheme 1. As a result of
this process, various reactive radicals, including primary alkyl macroradicals, H radicals,
and secondary alkyl macroradicals, are generated. After an early period of accumulation, a
large number of secondary alkyl macro-radicals react with oxygen, marking the entry of
polyethylene into the oxidative degradation stage. The oxidative phase produces numerous
oxygen-containing functional groups such as ketones, aldehydes, carboxylic acids, and
esters. At the same time, β-scission of the alkyloxy radicals [26] and Norrish reaction of the
carbonyl products result in breakage of the polyethylene backbone, leading to a decrease
in molecular weight. In addition, our previous work [27] revealed that the transfer and
coupling of primary alkyl radicals originating from photoinitiation also lead to a decrease
in the molecular weight of polyethylene.
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Previous studies [22,28] have shown that ferric stearate (FeSt3) can accelerate the
initiation of polyethylene degradation by generating additional alkyl macroradicals. Addi-
tionally, it can catalyze the decomposition of alkyl hydroperoxides during the oxidative
degradation phase, as illustrated in Scheme 2. However, the current mechanism focuses
on the promotion of FeSt3 to the oxidative degradation process of polyethylene. There is a
lack of studies on the role of FeSt3 in the early stages of the photo-oxidative degradation of
polyethylene, especially the effect of the rate of molecular weight reduction. In this paper,
the photo-oxidative degradation behaviors of PE/FeSt3 films were investigated under con-
tinuous UV irradiation. The role of FeSt3 in the early stage of polyethylene photo-oxidative
degradation is investigated in detail, based on which a new mechanism is proposed and
justified by density-functional theory (DFT). The findings of this study are a refinement
of the photo-oxidative degradation mechanism of FeSt3-containing polyethylene, which
is a guideline for studying the photo-oxidative degradation behavior of polyethylene-
containing transition metal stearate.
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2. Experimental Sections

Materials: Linear low-density polyethylene (LLDPE) is Sabic’s model 218 W with a
molecular weight of 52,231(±158), purchased from Shanghai Hongwei Plastics Co., Ltd.,
Shanghai, China. Ferric stearate and ethanol were purchased from Qingdao Jingke Instru-
ment Reagent Co., Ltd., Qingdao, China and paraxylene was purchased from Shanghai
Macklin Biochemical Co., Ltd., Shanghai, China.

Preparation of LLDPE/FeSt3 (w/w = 85/15) masterbatch: LLDPE (255.6 g) particles
and FeSt3 (46.07 g) powder mixture were first extruded using a twin-screw extruder (screw
diameter = 19 mm, L/D = 40, Bau Technology, Seoul, Republic of Korea), and the residence
time was about 15 min. The operating temperature of the extruder was maintained at
135 ◦C, 145 ◦C, 160 ◦C, 170 ◦C, and 180 ◦C from hopper to die, respectively. Cooling and
pelletizing: The extrusion was repeated once to obtain 263.5 g of masterbatch containing
15% FeSt3. The masterbatch preparation process is shown in Scheme 3.
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Scheme 3. Preparation of LLDPE/Fe-MMT masterbatch.

Preparation of LLDPE/FeSt3 films: The LLDPE/FeSt3 films were blown in a pilot-scale
film blow molding facility using a single-screw extruder with a 40 mm screw diameter
rotating at 75 rpm. The L/D ratio of the screw was 25:1, and the die length was 100 mm
with a 2.5 gap. The operating temperatures in the three zones of the extruder were 160 ◦C,
170 ◦C, and 180 ◦C, respectively, and the die temperature was 190 ◦C. The thickness of all
sample membranes was about 12 µm. Scheme 4 illustrates the preparation process, and the
LLDPE films with different FeSt3 contents prepared in this study are shown in Table 1.
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Table 1. Compositions of the sample films used in this work.

Sample Name LLDPE (g) Masterbatch (g) FeSt3 (wt%)

PE 600 0 0
PE-0.1FS 596 4 0.1
PE-0.5FS 580 20 0.5
PE-0.7FS 572 28 0.7

Photo-oxidative degradation test: The UV irradiation test was carried out in a LUV-
2 UV accelerated weathering tester (Shanghai Pushen Chemical Machinery Co., Ltd.,
Shanghai, China), which was equipped with three UV tubes (Pushen 20 W). The sample
was 9 cm from the lamp and the light intensity was 1.65 mW/cm2 (measured by CEL-
NP2000 optical power meter, Beijing, China). The test temperature was 40 ± 2 ◦C. The
irradiation experiment lasted for 120 h and samples were taken every 24 h for IR and
molecular weight tests to monitor the degradation process.

IR test: The IR spectra of the sample films were tested on a Nicolet iS50 FTIR spec-
trometer equipped with an attenuated total reflection (ATR) accessory. For each sample, an
interferogram was obtained using a ZnSe crystal with a reflection angle of 45 to maintain
the same probing depth. The measurement range was from 400 to 4000 cm−1, with a 4 cm−1

resolution and a total of 32 scans.
Determination of the carbonyl index (CI): The carbonyl index (CI) is a parameter used

to measure the number of carbonyl compounds formed during the photodegradation of
polyethylene film, which can be measured using FT-IR spectroscopy. The IR spectrum
of the sample films was obtained using a Nicolet iS50 FT-IR spectrometer coupled with
an attenuated total reflectance (ATR) accessory. For each sample, an interferogram was
obtained using a ZnSe crystal with a reflection angle of 45 to maintain the same probing
depth. The measurement range was from 400 to 4000 cm−1, with a 4 cm−1 resolution
and a total of 32 scans. The carbonyl index (CI) was defined as the absorbance ratio of
the carbonyl (approximately 1716 cm−1) and methylene groups (1468 cm−1) according to
the equation [29,30] CI = A1716 cm−1/A1468 cm−1. The CIs for the LLDPE films were
calculated according to the baseline method [31].

Morphological characterization: The morphological structures were characterized
by scanning electron spectroscopy/energy dispersive spectroscopy (SEM/EDS, Apreo S
HiVac, Thermo Fisher, Waltham, MA, USA).

Molecular weight test: The change in molecular weight was measured according to the
viscosity method using an Ubbelohde viscometer (capillary internal meridian: 0.5–0.6 mm).
Experimental conditions: Paraxylene (solvent), T = 105 ◦C, the concentration of PE in
paraxylene is about 0.002 g/mL. The viscometric average molecular weight (Mv) values of
the samples were obtained by using the equation [32]: [η] = 0.0165M0.83

v .
Computational procedure: Calculation commands for all relevant compounds are

submitted to Gaussian 16. Geometric optimization of all involved structures was performed
at the accuracy level of PBE0/6-311G**. After all geometric optimizations are performed
without imposing any geometric constraints, Gaussian 16 software is used to calculate the
bond dissociation energy (C-H) of all molecules compounds by using the higher theoretical
computational accuracy of PBE0/def2TZVP.
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3. Results and Discussion
3.1. Analysis of Irradiation Test Results

PE sample films containing FeSt3 at concentrations of 0, 0.1, 0.5, and 0.7% were used in
a 120 h UV irradiation experiment and analyzed by FTIR-ATR, and the result is shown in
Figure 1. For the pure LLDPE film, weak vibration peaks belonging to carbonyl compounds
are not detected until the end of the UV irradiation experiment. It indicates that the pure
PE samples passed through a rather long photochemical reaction stage before entering the
oxidative degradation stage. In the photoreactive stage, H radicals and alkyl macroradicals
are formed by the cleavage of the C-H bond or C-C bond that participates in the subsequent
oxidation reaction. With the progress of the experiment, a large number of secondary alkyl
macroradicals accumulated in the PE matrix and reacted with oxygen to generate alkyl
peroxy macroradicals, and PE entered the auto-oxidative degradation stage. Therefore,
in the absence of a prooxidant, it takes a considerable period for polyethylene to initiate
oxidative degradation to produce a variety of oxygenated products.
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Figure 1. FT-IR spectra under different UV irradiation times. (a): LLDPE film; (b): PE-0.1FS film;
(c): PE-0.5FS; (d): PE-0.7FS.

The IR spectra of polyethylene films with 0.1%, 0.5%, and 0.7% additions as a function
of UV irradiation time are shown in Figure 1b–d, respectively. It is clear from the figures
that new carbonyl product peaks can be detected earlier in the sample containing FeSt3
compared to the pure polyethylene film. An obvious new peak appears at 1715 cm−1 after
24 h UV irradiation that belongs to the C=O stretching vibration of a ketone group [33]
and grows in intensity with extended UV irradiation, which indicates that the oxidative
degradation process is underway. As the irradiation time increases other new carbonyl
product peaks appear successively at 1733 cm−1, 1701 cm−1, and 1780 cm−1, which are
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assigned to C=O stretching vibrations in aldehydes, carboxylic acid groups, and lactones,
respectively [34,35], Table 2 lists the infrared vibrational peaks involved and their attri-
bution. Moreover, the diversity and area of the vibration peaks in the carbonyl region of
polyethylene increased significantly with the increase of FeSt3 content. This suggests that
the addition of FeSt3 to the polyethylene matrix can not only shorten the time for polyethy-
lene to enter the oxidative degradation stage but also accelerate the oxidative degradation
rate. This seems to be more in line with the description of the existing mechanism for the
accelerated photo-oxidative degradation of polyethylene by FeSt3.

Table 2. Correlated infrared vibrational peaks and their attribution.

Wavenumber (cm−1) Attribution

1780 lactones

1733 aldehydes

1716 ketones

1701 carboxylic acids

The carbonyl index is the most commonly used parameter to detect the degree of
polyolefin degradation. For the photo-oxidative degradation of polyethylene, the carbonyl
index can visualize the oxidative degradation process of polyethylene. The results of
carbonyl index variation for different LLDPE samples are shown in Figure 2. The carbonyl
index of the samples showed different degrees of increasing trends with the increase
in UV irradiation time, and the carbonyl index of all the samples containing FeSt3 was
much higher than those of the pure PE samples. In addition, the carbonyl index of pure PE
samples started to increase slowly only after 72 h of UV irradiation. In contrast, a significant
increase in carbonyl index was observed in all the samples containing iron stearate within
24 h, and the rate of increase was proportional to the concentration of iron stearate. This
indicates that even under UV irradiation, pure PE requires a long time to undergo slow
oxidative degradation, while the introduction of FeSt3 not only greatly shortens the time to
enter oxidative degradation but also accelerates the oxidative degradation process. This
may be related to the fact that the Fe3+/Fe2+ redox pair can catalyze the decomposition of
alkyl peroxides under UV irradiation [36]. In contrast, the explanation for the shortening
of the time for polyethylene to enter the oxidative degradation phase by FeSt3 is less clear
from the extant mechanism.
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3.2. Analysis of Molecular Weight Changes

The decrease in molecular weight due to the scission of the molecular backbone is an
important signal of polymer degradation. Decreased molecular weight is also one of the
necessary conditions for polymers to be recognized by microorganisms and metabolically
decomposed into carbon dioxide and water. The reactions involving molecular weight
reduction during the photo-oxidative degradation of polyethylene are shown in Scheme 5.
There is a temporal sequence in the occurrence of these three reactions, which are coupling
and transfer of primary radicals in the photoreaction phase (Path 1), β-scission of alkoxy
radicals in the oxidation phase (Path 2), and Norrish reaction of oxidation products (Path
3). These reactions resulted in an overall decreasing trend in the molecular weight of
polyethylene throughout the photo-oxidative degradation process.
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Scheme 5. Mechanism of molecular weight reduction of polyethylene during the photo-oxidative
degradation process.

Figure 3 shows the change curves of molecular weights and the corresponding change
rate curves during the photo-oxidative degradation of different samples. The molecular
weight values of all samples at different times are listed in Table 3. From Table 3, it can
be seen that the initial molecular weights of the FeSt3-containing samples did not change
much compared to the pure PE. It also reflects that FeSt3 is not sensitive to the thermo-
oxidative degradation of polyethylene, and some earlier studies [37,38] reported similar
results. Therefore, polyethylene containing FeSt3 possesses excellent processing stability
compared to other transition metal stearates.
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Table 3. Mv changes of PE and PE/Fe-MMT films under different UV irradiation times.

Sample
Mv at UV Irradiation Time

0 h 24 h 48 h 72 h 96 h 120 h

PE 52,336 50,111 48,449 45,502 44,448 42,571
PE-0.1FS 51,533 42,733 31,198 22,067 15,575 14,428
PE-0.5FS 51,376 37,182 17,386 11,054 7739 6674
PE-0.7FS 50,274 34,929 15,626 10,454 5643 5174

As can be seen from Figure 3, the molecular weight of pure LLDPE samples changed
very little throughout the photo-oxidative degradation experiments, and the corresponding
rate curves show that the molecular weight reduction rate of pure polyethylene remained
almost constant. The incorporation of FeSt3 is significantly effective in increasing the rate
of reduction of molecular weight of polyethylene. As shown in Figure 3b, the initial rate
of molecular weight reduction of all FeSt3-containing samples is significantly higher than
that of pure PE samples, which indicates that FeSt3 has an accelerating effect on Path1 in
Scheme 5. After different irradiation times, the rate increased to the maximum value and
the higher the FeSt3 content the shorter the time required, for contents of 0.1%, 0.5%, and
0.7% corresponding to 39 h, 29 h, and 27 h, respectively. It is because the samples enter into
the oxidative degradation stage, and the occurrence of Path2, Path3 enhances the molecular
weight lowering rate of the polyethylene. This indicates that FeSt3 plays an important role
in increasing the rate of molecular weight reduction in the photo-oxidative degradation of
polyethylene, and it is also prominent in the early stage of the photo-oxidative degradation
of polyethylene.

3.3. Study on the Enhancement of FeSt3 in the Initial Photo-Oxidative Degradation of Polyethylene

The above experimental phenomena indicate that FeSt3 plays an important role in the
various stages of polyethylene photo-oxidative degradation. However, the mechanism of
enhancement of polyethylene degradation by FeSt3 at the early stage of photo-oxidative
degradation is not clear. The photo-oxidative degradation of polyethylene begins with the
cleavage of the C-C and C-H bonds in the matrix, and the resulting primary alkyl macro-
radicals, secondary alkyl macroradicals, and H radicals directly affect the degradation
properties of polyethylene. Primary alkyl macroradicals are generated by UV-induced
cleavage of the C-C bond, which is independent of the presence or absence of FeSt3.
Therefore, we calculated the C-H bond dissociation energies in FeSt3 ligands using density-
functional theory.

As shown in Scheme 6, the C-H dissociation of the carboxylate proximity in the FeSt3
ligand generates an H radical and a C-centered radical (FS-C1 radical). The structure



Polymers 2023, 15, 3672 9 of 13

optimization of the molecules before and after C-H dissociation was first done with a
computational accuracy of PBE0/6-311G**, and all the structures successfully converged,
and no imaginary frequencies appeared. This indicates the reasonableness of the struc-
ture optimization. Subsequently, single-point energy calculations were done for all the
optimized structures at the PBE0/def2-TZVP calculation level.
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The results based on DFT calculations show that the dissociation energy of the
carboxylate-critical C-H bond in the FeSt3 ligand is 373 kJ/mol, whereas the dissocia-
tion energies of the C-C bond and C-H in the pure polyethylene are 375 kJ/mol and
420 kJ/mol, respectively [39]. It suggests that FeSt3 is more prone to give H radicals as
compared to polyethylene. In addition, the primary alkyl macroradical pairs dissociated
from C-C bonds are more inclined to recombine into C-C bonds in situ due to the limitation
of radical mobility in the solid-phase matrix. Therefore, the coupling reaction between
primary giant radicals and H radicals in a pure polyethylene matrix mainly depends on
their collision probabilities. This is the reason for the low rate of molecular weight reduction
of pure polyethylene at the initial stage of photo-oxidative degradation. It is noteworthy
that the dissociation energy of C-H in FeSt3 ligands is comparable to that of C-C bonds
in polyethylene. In this way, the probability of collision of primary alkyl macroradicals
generated by polyethylene molecules that are in the vicinity of FeSt3 with H radicals is
significantly increased. The molecular weight reduction rate curves of different samples
in Figure 3b also demonstrated that the initial rate of molecular weight reduction of all
samples containing FeSt3 is significantly higher than that of pure polyethylene samples.

The rapid reduction of molecular weight in polyethylene leads to numerous breaks in
the polyethylene backbone and subsequently results in many cracks on the polyethylene
film surface. This crack generation was confirmed by scanning analysis of the PE-0.5FS-
120 h sample film surface, as shown in Figure 4a. Energy dispersive spectroscopy (EDS)
analysis of C, O, and Fe elements was conducted in four random regions, both cracked
and non-cracked, yielding the relative atomic content of Fe elements in each region, as
depicted in Figure 4b. The results demonstrate that the cracked area exhibits significantly
higher Fe content than the uncracked area, implying a faster molecular weight reduction of
polyethylene surrounding FeSt3. Overall, these findings indicate that FeSt3 plays a crucial
role in accelerating the molecular weight reduction rate of polyethylene during its early
photo-oxidative degradation stages, owing to its ability to generate H radicals more easily.

Polymers 2023, 15, x FOR PEER REVIEW 10 of 14 
 

 

Scheme 6. C-H bond cleavage reactions in FeSt3 ligands. 

The results based on DFT calculations show that the dissociation energy of the car-

boxylate-critical C-H bond in the FeSt3 ligand is 373 kJ/mol, whereas the dissociation en-

ergies of the C-C bond and C-H in the pure polyethylene are 375 kJ/mol and 420 kJ/mol, 

respectively [39]. It suggests that FeSt3 is more prone to give H radicals as compared to 

polyethylene. In addition, the primary alkyl macroradical pairs dissociated from C-C 

bonds are more inclined to recombine into C-C bonds in situ due to the limitation of rad-

ical mobility in the solid-phase matrix. Therefore, the coupling reaction between primary 

giant radicals and H radicals in a pure polyethylene matrix mainly depends on their col-

lision probabilities. This is the reason for the low rate of molecular weight reduction of 

pure polyethylene at the initial stage of photo-oxidative degradation. It is noteworthy that 

the dissociation energy of C-H in FeSt3 ligands is comparable to that of C-C bonds in pol-

yethylene. In this way, the probability of collision of primary alkyl macroradicals gener-

ated by polyethylene molecules that are in the vicinity of FeSt3 with H radicals is signifi-

cantly increased. The molecular weight reduction rate curves of different samples in Fig-

ure 3b also demonstrated that the initial rate of molecular weight reduction of all samples 

containing FeSt3 is significantly higher than that of pure polyethylene samples. 

The rapid reduction of molecular weight in polyethylene leads to numerous breaks 

in the polyethylene backbone and subsequently results in many cracks on the polyeth-

ylene film surface. This crack generation was confirmed by scanning analysis of the PE-

0.5FS-120 h sample film surface, as shown in Figure 4a. Energy dispersive spectroscopy 

(EDS) analysis of C, O, and Fe elements was conducted in four random regions, both 

cracked and non-cracked, yielding the relative atomic content of Fe elements in each re-

gion, as depicted in Figure 4b. The results demonstrate that the cracked area exhibits sig-

nificantly higher Fe content than the uncracked area, implying a faster molecular weight 

reduction of polyethylene surrounding FeSt3. Overall, these findings indicate that FeSt3 

plays a crucial role in accelerating the molecular weight reduction rate of polyethylene 

during its early photo-oxidative degradation stages, owing to its ability to generate H rad-

icals more easily. 

 

Figure 4. (a) Picture of crack on PE-0.5FS after 120 h UV irradiation; (b) the relative atomic content 

of Fe element. 

The production of H radicals from C-H dissociation in FeSt3 ligands contributes to 

the rate of molecular weight reduction of polyethylene. Therefore, the fate of the FS-C1 

radicals is also worth investigating. The FS-C1 radical can be sequentially transferred 

along the ligand alkyl chain to generate a new radical (FS-Ci radical) as shown in Scheme 

7. As can be seen from Figure 5, the Gibbs free energy of the transition from FS-C1 radical 

to FS-C2 radical is only 21.8 kJ/mol, and the subsequent transitions are almost all 

Figure 4. (a) Picture of crack on PE-0.5FS after 120 h UV irradiation; (b) the relative atomic content of
Fe element.



Polymers 2023, 15, 3672 10 of 13

The production of H radicals from C-H dissociation in FeSt3 ligands contributes to
the rate of molecular weight reduction of polyethylene. Therefore, the fate of the FS-C1
radicals is also worth investigating. The FS-C1 radical can be sequentially transferred along
the ligand alkyl chain to generate a new radical (FS-Ci radical) as shown in Scheme 7. As
can be seen from Figure 5, the Gibbs free energy of the transition from FS-C1 radical to
FS-C2 radical is only 21.8 kJ/mol, and the subsequent transitions are almost all spontaneous
processes. It indicates that the FS-C1 radical generated by cleavage can rapidly undergo
intramolecular radical transfer along the ligand alkyl chain.
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In addition, the long-chain alkanes in the FeSt3 ligands are sufficiently interwoven
and entangled with the polyethylene matrix molecules during processing. This means that
the FS-C radicals can undergo intermolecular radical transfer reactions with neighboring
polyethylene molecules. The intermolecular radical transfer process between FS-C8 radicals
and neighboring polyethylene chain segments (34 C atoms) as shown in Scheme 8 has been
theoretically calculated using DFT. The Gibbs free energy of this process is extremely low
at −1690 kJ/mol, which means that it can occur spontaneously as long as the H atoms in
the polyethylene molecular chain are close enough to the C radicals. Therefore, the radical
transfer reaction between FS-C and PE contributes to the generation of more secondary
alkyl macro radicals, which are the key radicals for the oxidative degradation of the initiator
polyethylene. UV irradiation experiments have also demonstrated that FeSt3-containing
samples enter into the oxidative degradation stage faster than pure polyethylene samples.
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Therefore, the H radicals and FS-C radicals generated by the dissociation of C-H bonds
in the ligand are the keys to the role of FeSt3 in the initial stage of polyethylene photo-
oxidative degradation. The former can significantly increase the rate of molecular weight
reduction of polyethylene, and the latter can generate more secondary alkyl macro radicals
by intermolecular radical transfer with neighboring polyethylene molecules to shorten the
time of entering the oxidation stage and accelerate the whole degradation process.

4. Conclusions

In our study, the photo-oxidative degradation behaviors of PE/FeSt3 films were
investigated under continuous UV irradiation. The rate of photo-oxidative degradation of
each PE/FeSt3 film is much faster than that of the pure LLDPE film. FeSt3 not only enhances
the oxidative degradation process, but also contributes significantly to the early stage of
polyethylene photo-oxidative degradation as well. Due to the lower C-H bond dissociation
energy in the ligand, FeSt3 is more likely to give H radicals compared to polyethylene,
which can significantly increase the rate of molecular weight reduction of polyethylene.
The transfer reaction of FS-C radicals can induce the polyethylene matrix to produce more
secondary alkyl macro radicals, which greatly shortens the time for a polyethylene to enter
the oxidative degradation stage, thus accelerating the photo-oxidative degradation process
of the whole polyethylene. The rationality of the involved C-H dissociation and the transfer
process of FS-C radicals was verified by DFT. This finding reveals the mechanism of FeSt3-
promoted polyethylene degradation in the early stage of photo-oxidative degradation. It
is a complement and improvement to the existing mechanism of FeSt3-promoted photo-
oxidative degradation of polyethylene.
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