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Abstract

The photooxidative degradation and fragmentation behaviors of isotactic polypropylene (ifPP) were simulated in laboratory
after various postconditions, such as quenching, gradual cooling and drawing, using an artificial weathering machine and a
blender. The crystallinity of the i#PP films and orientation of the molecular chains play important roles in the photooxidation
of the ifPP films. Compared to quenched ifPP films with the same ultraviolet (UV) exposure time, highly oriented ifPP films
and gradually cooled ifPP films with higher crystallinity exhibited a lower rate of photooxidative degradation. To clarify the
photooxidative degradation mechanism, the surface morphology, chemical structure, and microstructure of the UV-exposed
itPP films were investigated using scanning electron microscopy, infrared spectroscopy, differential scanning calorimetry,
and wide- and small-angle X-ray scattering. Photooxidative degradation was inhibited as the orientation degree of the ifPP
film increased. These results indicate that photooxidation likely occurs in the amorphous phase of ifPP. Oriented molecular
chains effectively slowed the photooxidative degradation of the ifPP films. The artificial fragmentation test of UV-exposed
ifPP films showed that ifPP films with lower crystallinity and orientation degrees were crushed into microplastics that were
much smaller in size than those with higher crystallinity or orientation degrees.

Introduction

Plastics with desirable physicochemical properties and cost
effectiveness are widely used in several fields, such as
packaging, building and construction, automotive, and
electronic devices [1, 2]. Large amounts of plastic products
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are released into the market annually, contributing to a
modern world. From 1950 to 2015, the total amount of
plastic products produced was 8300 million tons [1]. The
widespread use of plastic products has negative impacts on
the environment [3]. Large quantities of plastics are dis-
carded after use [1]. Nearly all discarded plastic waste, such
as wrappers, plastic bags, plastic bottles, fishing gear, and
food containers [4], is emitted into the ocean [5].
Approximately 980,000 tons of plastic waste were emitted
into the ocean in 2019 [6], which caused severe
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environmental problems. Some of these waste plastics pose
a threat of entanglement or ingestion by countless marine
animals [7-10]. In 2013, the plastic waste mass in the global
ocean reached 268,950 tons [11]. In total, 5.25 trillion
plastic particles float on the ocean surface. In 2019, the
amount of mismanaged plastic reached 61.8 million tons.
However, once plastics are released into the environment,
photooxidation and thermal oxidation induced by sunlight
and oxygen occur on the surfaces of most plastics over time.
In particular, mismanaged plastics floating in the ocean are
fragmented into particles with sizes ranging from several
millimeters to hundreds of nanometers under exposure to
sunlight, abrasion by sand/rock, and wave crushing [12].
Biodegradable polymers that can be biodegraded to carbon
dioxide and water by microorganisms in sediments are
promising materials for relieving mismanaged plastic pol-
Iution [7, 13]. However, most plastics cannot be degraded
by microorganisms in sediments and marine environments;
instead, they fragment into particles and persist for
extremely long periods in the environment. The plastic
particles are classified by their size as macroplastics
(>2.5cm), mesoplastics (5 mm-2.5cm), microplastics
(MPs; 1 um—5 mm), or nanoplastics (<1 um) [14, 15]. In
2019, the macro- and microplastics in the ocean surface
layer were 1.13 million and ~560,200 tons, respectively
[16]. Plastic particles have several negative effects on
marine organisms and humans [7, 9]. To eliminate plastic
pollution, particularly the number of microplastics in the
environment, the degradation and fragmentation behaviors
of plastics must be determined.

Polyolefins are among the most common types of plastic.
In 2015, the global production of high-density polyethylene
(HDPE), low-density PE (LDPE), linear low-density PE
(LLDPE), and polypropylene (PP) was 243 million tons.
Thus, polyolefins are a major source of microplastic pollution
[1]. Therefore, the degradation behavior of polyolefins must
be determined. However, tracking the degradation of waste
plastics in the natural environment is challenging.
Researchers have attempted to simulate the photooxidative
degradation of polyolefins in the laboratory using artificial
weathering or accelerated ultraviolet (UV) exposure tests. In
our previous study, we investigated the photooxidative
degradation of polyolefins containing oxo-biodegradable
additives [17]. The photooxidative degradation of poly-
olefins is promoted by oxo-biodegradable additives. The
overall degradation rates of the polymers were in the order of
itfPP > LDPE > LLDPE > HDPE. Men et al. [18] studied the
environmental stress cracking (ESC) of polyethylene pipes.
Nakatani et al. [19] studied the degradation and fragmenta-
tion behaviors of PP and polystyrene (PS) in water. The PP
microplastic production rate is much greater than that of PS
owing to the crystallizability of PP. Liu et al. [20] investi-
gated the effect of an annealing-induced microstructure on
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the photooxidative degradation behavior of ifPP. The photo-
oxidation rate was reduced by annealing the ifPP films. Wu
et al. [21] tested the photooxidative degradation behavior of
ifPP with different crystalline morphologies. They claimed that
an ifPP film with a nodular morphology exhibited improved
photooxidation stability compared to that of lamellar and
spherulitic structures owing to the lower O, diffusivity. Liu
et al. investigated the photooxidation behavior of HDPE sub-
jected to uniaxial tensile stress at various temperatures, tensile
stress levels, and durations [22]. The orientation of the mole-
cular chain plays an important role in the photooxidative
degradation of HDPE. The characterization of real ocean MPs
is also important for clarifying the degradation and fragmen-
tation behaviors of plastics. On the basis of our previous
research, we established advanced characterization methods
for ocean MPs on the basis of polymer science [23, 24].

In this study, the effects of the crystalline structure and
molecular orientation on the photooxidative degradation
and fragmentation behaviors of ifPP were investigated using
quenched, gradually cooled, and uniaxially oriented itPP
films. The photooxidative degradation of the ifPP films was
simulated by exposing the samples to UV light using an
artificial weathering chamber, whereas the fragmentation
behavior was studied by artificially crushing the UV-
exposed ifPP films in water using a blender. The thermal
properties and chemical structures of the UV-exposed ifPP
films were investigated using differential scanning calori-
metry (DSC) and Fourier transform infrared (FTIR) spec-
troscopy. The surface morphologies of the UV-exposed irPP
films and artificially generated fragments were observed
using scanning electron microscopy (SEM) and laser
microscopy. Small- and wide-angle X-ray scattering (SAXS
and WAXS, respectively) were employed to reveal the
microstructures of artificially generated ifPP fragments and
real ocean PP microplastics.

Experimental section
Preparation of polypropylene films

itPP (MFR = 3 g/10 min) was supplied by Prime Polymer
Co., Ltd. Nonoriented ifPP films were prepared by hot
pressing between steel plates with a 0.2 mm-thick spacer of
tetrafluoroethylene. ifPP pellets were melted at 210 °C for
3 min and compression-molded using a hot press machine at
6 MPa for 2 min. Quenched ifPP films were prepared by
direct cooling at 20 °C for 2 min at 6 MPa using a press
machine (MP-WC, Yamato Scientific Co., Ltd.). The gra-
dually cooled samples were cooled from a melting state to
room temperature over 8h (MP-WNH, Yamato Scientific
Co., Ltd.). The sample temperature against time is shown in
Fig. S1. Uniaxial-oriented ifPP films were prepared using a
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film stretcher (Toyo Seiki Seisaku-so, Ltd., EX10-S6). First,
an ifPP film with dimensions of 90 mm x 90 mm X 0.5 mm
was prepared by compression at 210 °C for 4 min, hot
pressing at 10 MPa for 2 min, and quenching at 20 °C for
2 min. Then, both sides of the film were clamped by grip-
ping in a hot chamber at 158 °C. Stretching was performed
in constrained uniaxial mode. The sample was stretched at
100 mm min! until the draw ratio reached two or four. After
stretching, the films were immediately air-cooled to room
temperature and removed from the chamber.

Ultraviolet exposure test

A weathering test chamber (Xe-1, Q-SUN, Q-LAB Co.,
Ltd.) with a xenon lamp was used to investigate the pho-
tooxidation behavior of the ifPP films. Pressed and oriented
itPP films were exposed to UV irradiation of 125 W m™
(4A=300-400 nm) and a black panel temperature of 63 °C
for up to 4 w. The total UV irradiation in the accelerated
UV exposure experiment was 302.4 MJ m™2, which is equal
to 1y of UV exposure in Choshi, Japan [7].

Artificial fragmentation test

The fragmentation behavior of the UV-exposed ifPP films
was studied using a blender (X-TREME, Waring Com-
mercial, Inc.). The UV-exposed ifPP films were vacuum-
dried at 40 °C overnight and weighed before fragmentation
testing. The UV-exposed ifPP films (~80 mg) were artifi-
cially crushed in 175 mL of deionized water at a blending
speed of 1400 rpm for 3 min. The fragments and suspension
were separated by 300 and 100 pum sieves and 10 pm filter
paper. The generated fragments were dried at 40 °C for 24 h
in a vacuum oven. The weights of fragments with sizes
>300, 300-100, and 100-10 pum were measured using an
analytical balance (XP105DRV, METTLER TOLEDO).

Characterization

The mechanical properties of the ifPP films were studied
using a tensile tester (RTI-1225, TENSILON) at a strain rate
of 100% min~". The Young’s modulus (E), strength at break
(o), and elongation at break (g,) values of the ifPP films
were the average of at least four measurements.

The surface morphologies of the UV-exposed ifPP films
were observed using SEM (JCM-7000, JEOL, Japan) at an
accelerating voltage of S5kV. The generated fragments were
observed using a laser microscope (VK-X260, Keyence, Japan).

The IR spectra of the ifPP films were collected using a
VERTEX 70 spectrometer (Bruker) equipped with a mercury
cadmium telluride (MCT) detector. A Seagull accessory
(Harrick Scientific Products, Inc.) with a Ge hemispherical
crystal was used for attenuated total reflection (ATR) IR

measurements at a fixed incident angle of 30°. All the spectra
were collected from 4000 to 675 cm™" with a resolution of
4 cm™. Signals were obtained by averaging 64 scans.

DSC was used to investigate the thermal properties of the
itfPP  films. Measurements were performed using a
DSCvesta (Rigaku, Japan) under a nitrogen atmosphere at a
heating rate of 10 °C min~'. The degree of crystallinity ()
was calculated from the heat of fusion at the melting point
of the polymer using the following equation:

AH,,
){CDSC (%) = AT X 100%

m

where AH,, denotes the heat of fusion of the ifPP films. AH,,°
denotes the heat of fusion of the purely crystalline forms of
the polymers, corresponding to 207.1J g™ for ifPP [25, 26].

Synchrotron radiation X-ray scattering (WAXS/SAXS)
experiments were performed at the BL38B1 beamline of
SPring-8 (RIKEN). The X-ray wavelength (1) was set at
0.08 nm for WAXS and 0.1 nm for SAXS. The sample-to-
detector distances were ~0.28 and 2.5m for WAXS and
SAXS, respectively. Measurements were performed in
transmission geometry at room temperature with an exposure
time of 10s for each sample. WAXS and SAXS data were
collected online using a 2D detector (PILATUS3X 2 M). For
calibration, cerium oxide and silver behenate were used as
standard samples for WAXS and SAXS, respectively. The
crystallinity (y.) was calculated from the scattering intensity
of the crystal and amorphous components /. and [, in the
WAXS profiles using the following equation:

WAXS I
Xe (%) = L x 100%
where I and I, were evaluated by peak decomposition from
1D WAXS profiles [27].

The crystallite size (D) of ifPP samples with different
UV exposure times was calculated using the Scherrer
equation [28] as follows:

thl = Kﬂ/(Aﬂ CoS 9)

where K is the crystallite shape factor (K =0.89), 1 is the
X-ray wavelength, Af is the half-peak width of the
corresponding diffraction peak, and 6 is the Bragg angle
of the diffraction peak [29].

A one-dimensional electron-density correlation function,
K(z), for the ideal one-dimensional crystal-amorphous two-
phase model [30] was employed to analyze the lamellar
thickness and length of the lamellar stacking structure of the
ifPP films.

K(z) = / 1(9)q” cos(gz)dgq/ /I(q)fqu

where I(g) is the scattering intensity distribution obtained
along the meridional direction (Fig. S3) and z is the real-
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Fig. 1 Schematic of the ifPP film
preparation, UV exposure test,

and artificial fragmentation test Hot pressing

at210°C

itPP pellets

Force
—

Uniaxially oriented itPP films (x2 and x4)

;:5
A\{-\— Suspension after

itPP fralg[nents

space length parameter in the longitudinal direction. The
thicknesses of the amorphous layers (d,) were determined
by identifying the intersection of the longest tangential line
on the K(z) profile within a specific z region. This
intersection was made with a horizontal line extending
from the top of the first negative peak in the profile to the z-
axis. The long period of the lamellar stacking structure (L,)
was at the top of the first positive peak in the K(z) profile.
The lamellar thickness can be calculated by the relation
d.=1L,-d,
q is denoted here as follows:

q = 4xsin(0)/4

where 26 and A are the scattering angle and wavelength of
the X-ray, respectively.

The orientation function (fy49) in the 040 direction was
estimated using the azimuthal angle intensity profiles of the
WAXS and the following equation [29, 31]:

foao = (1/2) (3<0052¢04O> - 1)
where

5 B /2 ' 5 /2 )
(cosgouo) = | 1(@)singeos’pdg/ [ 1(¢)sin g
0 0

where ¢ is the azimuthal angle of the arc profile (Fig. S4).
For the perfectly oriented and unoriented samples, fp,0 was
1 and 0, respectively.
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Results and discussion
Properties of itPP films

Figure 1 shows the sample preparation, UV exposure, and
fragmentation test of the ifPP films. The structural infor-
mation for the pressed and uniaxially oriented PP films is
shown in Table 1. The thermal properties of the pressed and
oriented ifPP films were evaluated using DSC (Fig. S2a).
The quenched ifPP film exhibited the lowest melting tem-
perature (7}, onser)- The gradually cooled and uniaxially
oriented ifPP film had a higher T}, ;s and crystallinity (y.)
than the quenched film owing to its larger crystalline size
(Table 3) and lamellar thickness (d,). The thickness of the
itfPP films decreased with increasing draw ratio. The
orientation function (fp49) of the uniaxially oriented film
increased with the draw ratio and was 0.379 and 0.477 for
the x2 and x4 elongated ifPP films, respectively.

The lamellar thickness and length of the lamellar stack-
ing structure of the pressed and uniaxially oriented ifPP
films were analyzed using a one-dimensional electron—
density correlation function. Figure 2 shows the K(z) values
obtained from the /(q) ¢° values measured for the ifPP films
and the one-dimensional crystal-amorphous model, where
d. is the lamellar thickness, L, is the long period, #(z) is the
electron density in the one-dimensional two-phase model,
and Az is the difference in the electron density between the
lamella and the amorphous material. The L, and d,. values of
the ifPP films are listed in Table 1. Greater L, and d, values
were obtained for the gradually cooled film compared to the
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Table 1 Structural information

of pressed and uniaxially itPP films Thickness (um) Ty onser °C) 2 (%) xe (%)b Joao L, (nm)  d. (nm)
oriented ifPP films Quenched 207.3+9.0 1513 418 54.5 0 10.3 7.6
Gradually cooled  286.6 +9.8 155.3 552 76.3 0 16.9 13.4
x2 elongated 148.3+14.2 159.8 56.0 74.1 0379 244 21.2
x4 elongated 112.3+£16.5 162.4 60.2 76.4 0477 253 22.0

PSC, "WAXS

n(z) 1

0.8

0.6
N
< 0.4

0.2

0 F
x4 elongated
0.2 x2 elongated
Quenched Gradually cooled
-0.4 L . X . ) . .
0 5 10 15 20 25 30 35 o
z (nm)

Fig. 2 One-dimensional electron-density correlation function K(z)
evaluated for the initial i#PP films based on the ideal one-dimensional
lamella-amorphous two-phase model (the schematic for the determi-
nation of long spacing period, L,, and lamellar thickness, d,, electron
density, 7(z), and electron density difference between a lamella and
amorphous, Az, are shown in the inserted figure)

quenched ifPP film. The significant increase in lamellar
thickness is attributed to the melting of imperfect and small
crystallites and the subsequent recrystallization of the ori-
ginal thin lamellae. This increase in d, is attributed to an
increase in L,. The L, and d. values of the uniaxially
oriented ifPP further increased, possibly because of the
highly oriented crystalline and amorphous molecular
chains. Furthermore, the pressed and uniaxially oriented
ifPP films exhibited different Ay values, following the order
quenched > gradually cooled >x2 = x4, suggesting that the
difference between the crystalline and amorphous phases in
highly oriented films is smaller than that in pressed ifPP
films. In oriented films, highly oriented molecular chains
form a rigid amorphous phase, which affects the physical
properties of the resulting ifPP films, such as their
mechanical properties and oxygen permeability.

The mechanical properties of the quenched and x4 uni-
axially elongated (parallel and perpendicular to the elon-
gated direction) ifPP films were measured via tensile testing.
Table 2 lists the Young’s modulus (E), strength at break
(o), and elongation at break (g;,) of the quenched and x4
elongated ifPP films. The Young’s modulus (E) of the
quenched and x4 elongated (parallel) ifPP films were 554.7
and 1556.4 MPa, respectively. The strength at break (o)
was 42.2 and 134.4 MPa for the quenched and x4 elongated

Table 2 Mechanical properties of quenched and x4 elongated

itPP films

itPP films E (MPa) e (%) o (MPa)
Quenched 554.7x11.2 1332.1 £125.0 422+5.1
x4¢ 1556.4 +121.8 84.0+8.6 1344172
x4? 1423.2+71.5 75%1.5 29.6+1.8

Parallel to the elongation direction, perpendicular to the elongation
direction

ifPP films, respectively. The E and o of the ifPP films
increased with increasing drawing ratio owing to the
orientation of the molecular chains in the ifPP films.
However, uniaxially oriented ifPP films exhibit anisotropic
mechanical properties parallel and perpendicular to the
elongation direction [32, 33]. E, o, and ¢, of the ifPP films,
which are perpendicular to the elongation direction, are
1423.2 MPa, 29.6 MPa, and 7.5%, respectively. For the x4
uniaxially elongated ifPP films, both ¢, and ¢, in the uni-
axially elongated direction are greater than those in the
perpendicular direction.

Surface morphologies of itPP films after UV
exposure

After 4 week of UV exposure, the surface morphologies of
the pressed and uniaxially oriented ifPP films were observed
via SEM. Surface deterioration was observed on the ifPP
films after UV exposure. As shown in Fig. 3, large-scale
cracks were clearly observed on the surfaces of the quen-
ched and gradually cooled ifPP films. Compared to the
gradually cooled film, the quenched film generated sig-
nificantly denser cracks, suggesting that the crack-formation
behavior induced by UV exposure was affected by the
crystalline and spherulite structures in the ifPP films. Crack
generation in quenched ifPP films with lower y,. and smaller
spherulite sizes is faster than that in gradually cooled irPP
films [34]. Cracks were also observed on the uniaxially
oriented ifPP films. Notably, the cracks that formed on the
oriented ifPP films differed from those that formed on the
pressed films. The direction of the cracks on the pressed
film was isotropic, whereas the cracks were parallel to the
oriented direction of the uniaxially oriented ifPP films. In
the pressed ifPP films, the crystalline and amorphous
molecular chains were oriented randomly, and
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photooxidation occurred equally in all directions in the
pressed films after the UV exposure test. The crystalline and
amorphous phases were oriented parallel to the elongation
direction in the uniaxially oriented ifPP films. The mole-
cular chains in the transverse direction are less oriented and
are photooxidized more easily than those oriented amor-
phously in the longitudinal direction (orientation direction).
Consequently, the uniaxially oriented ifPP films generated
cracks in the direction of orientation [35]. Furthermore, the
number of cracks on the oriented ifPP films decreased with
increasing draw ratio. After 4 w of UV exposure, clear
cracks parallel to the orientation direction were observed on
the x2 elongated ifPP film. The number of cracks on the
surface of the x4 elongated film was less than that on the
surface of the x2 elongated ifPP film. Figure S5 shows SEM
images of the ifPP films after UV exposure for 1, 2, 3, and 4
w. Cracks were generated in the pressed and oriented films
with a lower degree of orientation after UV exposure for
1 week. The number of cracks gradually increased with

Quenched
SNV INTIET N XTESEN
O e RS e
A LR G
TSRO
\)‘\\/(\ \ r ‘k‘/ *,] »E’—. -
1 R
N [ AR Nt
X2
e
Uniaxially-oriented direction™ Uniaxially oriented direction
S e e, /<‘_"/-
500 um 500 ym

Fig. 3 SEM images of quenched, gradually cooled and uniaxially
oriented ifPP films after 4 w of accelerated UV exposure test

increasing UV irradiation. Cracks were observed on the
surface of the x4 elongated ifPP films until the films were
exposed to UV light for 3 w. The formation of cracks was
due to photooxidation of the polymer membrane. The
different crack-formation behaviors of the pressed and
uniaxially oriented ifPP films suggest that the crystalline
aggregation state and molecular chain orientation are
crucial for the degradation of ifPP, inhibiting the photo-
oxidative degradation of ifPP films. The generation of
cracks on the UV-exposed ifPP film surfaces may have
resulted from chain scission during photooxidation. White
et al. [36] reported that chain scission and crosslinking
occurred in polyolefins under UV exposure. Upon UV
exposure, radicals are formed, initiating a subsequent
photooxidation process that generates products such as
ketones, esters/aldehydes, lactones, and carboxylic
acids. This photooxidation results in a decrease in mole-
cular weight, leading to the formation of cracks on the
surface of the ifPP films. As the photooxidation reaction
progresses on the film surface, oxygen is rapidly con-
sumed. Consequently, crosslinking becomes dominant
due to the lower oxygen concentration, leading to gel
formation [37].

Thermal properties of itPP films after the UV
exposure test

The thermal properties of the ifPP films after UV exposure
were measured using DSC. The dependence of the onset
melting temperature (7}, u5) and y. on UV irradiation is
shown in Fig. 4. The T, s values of the quenched and
gradually cooled ifPP films decreased gradually with
increasing UV exposure. After the ifPP films were UV
exposed for 4 w, the T, ,u5 values of the quenched and
gradually cooled ifPP films decreased from 151.3 and
155.3°C to 118.6 and 138.6 °C, respectively. The T, ynser Of
uniaxially oriented ifPP films slightly decreased after the
UV exposure test, from 159.8 and 162.4 °C to 159 and

Fig. 4 Effect of UV exposure on (a) 190 (b) 70
thermal properties of ifPP films. 180 | —*—Quenched —e— Gradually cooled 65 |
(a) Onset melting temperature,
(b) crystallinity of ifPP films 170 |}~ ——x4 60 ";:7—-\%
160 $—— o 55
8 — o— )
$150 S50
~ 140 | 45
130 40 F
—&—Quenched —&— Gradually cooled
120 | 35 | —a—x2 —8— x4
110 : L L 2 L . 30 + t . . . .
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
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Fig. 5 (a) Normalized ATR @ (b) 1000
. Quenched 1 —@—Quenched
FTIR spectra of quenched irPP UV irradiance
films before and after UV 5 MIm2) 800 b 2 —@—Gradually cooled ]

exposure test. (b) Comparison of
the CI of pressed and oriented
itPP films as a function of UV
irradiation

Absorbance (a.u.)

3 —8—x2

600 } 4 —@—x4

400

O index (a.u.)

G=

200

1750 1700
Wavenumber (cm')

1850 1800

156.1 °C for the x2 and x4 elongated ifPP films, respec-
tively. The melting temperatures of the crystalline and
semicrystalline polymers were proportional to the thickness
of the lamellar structure [38]. The decrease in melting
temperature of the ifPP films indicated that the crystalline
size decreased after the UV exposure test. Compared to the
gradually cooled films, the quenched ifPP films exhibited a
faster photooxidative degradation rate. The photooxidative
degradation rate of the uniaxially oriented films was slower
than that of the pressed films. The crystallinity (y.) of the
ifPP films obtained after the UV exposure test is shown in
Fig. 4b. The y. of the quenched ifPP films increased with
increasing exposure to UV irradiation and was the highest
after 2 w of UV exposure. Then, y. decreased with
increasing UV irradiation. For the gradually cooled itPP
films, y. was the highest after 1 w of UV exposure. Then,
the value gradually decreased with increasing UV irradia-
tion. The y, of uniaxially oriented ifPP films was nearly
constant with increasing UV irradiation. For the pressed
itPP films, y. first increased and then decreased with
increasing UV irradiation. This possibly resulted from the
thermal treatment of the quenched ifPP films in the
weathering machine during the first 2 w. Subsequently, the
amorphous phase with flexible molecular chains and high
oxygen solubility and the crystalline phase were photo-
oxidized, the lamellar structure was destroyed, and a smaller
crystallite size was generated.

Ultraviolet degradation evaluated by infrared
spectroscopy

FTIR spectroscopy is a useful tool for monitoring the
polymer degradation process and identifying degradation
products. This approach was used to investigate the pho-
tooxidation behavior of the pressed and uniaxially oriented
ifPP films. In our previous study, the photooxidative
degradation of polyolefins was studied using FTIR [17].
Carbonyl-containing products, such as ketones, esters/

1650

100 150 200 250 300 350
UV exposure (MJ/m?)

1600 0 50

aldehydes, lactones, and carboxylic acids, were generated
during photooxidation. The carbonyl index (CI) was used to
evaluate the photooxidative degradation rate of the pressed
and uniaxially oriented ifPP films. The CI was evaluated
from the generated C = O and reference C—H bands using
the following equation:

CI = Ac=0/ARef

where Ac_gp and Ager are the integrated areas of the C =0
(1840-1650cm™) and reference C-H (1340-1315cm™)
bands, respectively. Figure 5a shows the IR spectra in the
C = O stretching (vc—o) regions of the quenched ifPP films
collected as a function of the integrated UV irradiation. No
C = O absorption is observed in the initial itPP film. After
UV exposure, vc—o bands appeared and considerably
increased with increasing UV exposure. The CIs of the
itPP films, calculated as a function of UV irradiation, are
shown in Fig. 5b. The CI gradually increased with
increasing UV irradiation in the pressed and uniaxially
oriented PP films. The quenched ifPP film exhibited
greater Cls than those of the gradually cooled and
uniaxially oriented films and 2.3, 3.5, and 4.3 times
greater than those of the gradually cooled, x2, and x4
elongated ifPP films, respectively, after 4 w of UV
exposure. The generation of carbonyl groups in the UV-
exposed itPP films suggested that the photooxidation
susceptibility of the ifPP films was in the following order:
quenched > gradually cooled > x2 > x4. The photooxida-
tive degradation of the ifPP films was inhibited by the
oriented molecular chains.

Microstructure of itPP films after UV exposure

The microstructural changes in the ifPP films before and
after UV exposure were investigated using WAXS. The
inhibitory effect of chain orientation on the photooxidation
of ifPP films was corroborated by the crystallite size
changes in the virgin and UV-exposed pressed and
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Table 3 Crystallite size of ifPP films before and after the UV
exposure test

itPP films Crystallite size (nm)

a (110) a (040) a (130)

Initial UV_4w Initial UV_4w Initial UV_4w
Quenched 145 13.6 169 15.8 11.8  10.7
Gradually 236 17.1 223 193 19.1 127
cooled

x2 elongated 319 295 266 25.1 256 237
x4 elongated 29.2 279 23.6 226 232 222

uniaxially oriented ifPP films. The 1D WAXS profiles of
the pressed and uniaxially oriented ifPP films are shown in
Fig. S8. Curve fitting of the 1D WAXS profiles was con-
ducted using Origin 2023 software; Gaussian functions
were chosen to fit the amorphous halo, and Gaussian/Lor-
entz profiles were used for the scattering peaks. Table 3
lists the crystallite sizes of the ifPP films before and after
UV exposure. The crystallite sizes of the gradually cooled
and uniaxially oriented films were much larger than those
of the quenched film, corresponding to a higher melting
temperature. After a 4 w UV exposure test, the crystallite
size in the pressed ifPP films decreased, suggesting that the
crystallite structure of the pressed ifPP films was destroyed
during photooxidative degradation. However, the crystal-
lite size of the uniaxially oriented ifPP films remained
nearly constant after UV exposure. The changes in the
crystallite size of the ifPP films after UV exposure corre-
sponded with the DSC results.

Fragmentation behaviors of the UV-exposed
itPP films

The UV-exposed pressed and uniaxially oriented ifPP
films were artificially fragmented using a blender. The
generated fragments were observed under a laser micro-
scope. Figure 6 shows the fragments generated from the
UV-exposed quenched, gradually cooled, x2 elongated,
and x4 elongated ifPP films. Among the pressed ifPP
films, the quenched film generated significantly smaller
particles than the gradually cooled film. The particle sizes
generated from the UV-exposed quenched and gradually
cooled itPP films ranged from 96 to 1145 um and 300 to
1470 um, respectively. The particles generated from the
UV-exposed uniaxially oriented ifPP films were sig-
nificantly larger than those generated from the pressed
films. Therefore, the photooxidation rate in the ifPP films
was decreased by the oriented molecular chains. Notably,
the shape of the generated particles was anisotropic, and
the long axis was the same as the chain orientation
direction.
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Fig. 6 Laser microscope images of ifPP fragments. (a) Quenched, (b)
gradually cooled, (c) x2 elongated, (d) x4 elongated ifPP

Comparison of UV-exposed itPP MPs and real
ocean MPs

Figure 7 shows laser microscopy images of four real ocean
MPs collected from the Tsushima Strait [39]. The ocean
MPs collection method is described in the SI. The oceanic
MPs were named as W-9, W-12, W-22, and W-31. The
shape of ocean MPs is anisotropic and similar to that of
fragments generated from UV-exposed uniaxially oriented
ifPP films. Cracks were observed on the surface of the W-12
ocean MPs. Furthermore, the direction of the cracks was
primarily along the long axis. Microbes were also observed
on the surface of ocean MPs (Fig. 7e, f). The types of
oceanic MPs were identified using WAXS (Fig. 8). All four
ocean MPs were PP fragments. Diffraction peaks, such as
the (110), (040), (130), (111) and (131)/(041) planes of the
a crystal form of ifPP, were observed. Importantly, all four
ocean MPs were oriented, which indicates that most ocean
PP MPs were oriented.

Conclusions

Pressed and uniaxially oriented ifPP films were prepared,
and their photooxidative degradation and fragmentation
behaviors were studied in the laboratory using an artificial
weathering machine and a blender. The oriented molecular
chains improved the mechanical properties of the i#PP films.
After UV exposure, chain scissions and interactions
occurred in the ifPP films. Random cracks were formed on
the surfaces of the quenched and gradually cooled films.
The direction of the cracks on the uniaxially oriented ifPP
films was anisotropic and parallel to the chain-oriented
direction. Furthermore, the number of cracks decreased in
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Fig. 7 Laser microscope images
of ocean PP microplastics

Fig. 8 2D WAXS patterns (a)
and 1D profiles (circularly
integrating) (b) of ocean PP
microplastics (W-i corresponds
to images in Figure 7) and
artificial UV-exposed irfPP
fragments

(b)
a(110)
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[}
/ E
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the highly oriented ifPP films. Photooxidation occurred in
the UV-exposed ifPP films, as confirmed by FTIR spec-
troscopy. The photooxidation susceptibility of the ifPP films
followed the order of quenched > gradually cooled > x2
elongated > x4 elongated. Compared to the pressed films,
the uniaxially oriented ifPP films exhibited more stable
thermal properties. Compared to the gradually cooled and

¥,

50 pm

8 9 10 11 12 13 14

q (hm)

15 16 17 18

uniaxially oriented ifPP films, the quenched ifPP films
generated much smaller particles, as suggested by the
fragmentation test of the UV-exposed ifPP films. The
photooxidative degradation and fragmentation of the irPP
films were inhibited by the oriented molecular chains.
Observations of ocean MPs suggest that most ocean PP
MPs are oriented. Ocean PP MPs exhibited shapes and

SPRINGER NATURE
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structures similar to those of the fragments generated from
UV-exposed uniaxially oriented ifPP films.
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