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Abstract: Quality-changed behavior of ultraviolet light absorber (UVA: UV-326) in polymers (PP, HDPE,
LDPE, PLA and PS) over time during degradation was studied with an enhanced degradation method (EDM)
using sulfate ion radical in seawater. EDM was employed to homogeneously degrade the entire polymer
samples containing the UVA. The PP and PS samples containing 5-phr UVA films whitened rapidly due to
formation of numerous grooves or crushed particles. The UVA loss rate of PS with the higher Tg was much
slower. The crystalline polymers, with the exception of PS, were similar in the behavior of the change in UVA
loss rate with respect to degradation time. The significant increase in initial loss rate observed during EDM
degradation was due to microplasticization. A similar increase in microplasticization rate occurred with the
PS, but the intermolecular interaction between UVA and PS did not result in as pronounced its increase in loss
rate as with other polymers. The UVA chemical structure was not altered by EDM degradation. These results
revealed that the UVA leaching from the polymer matrix was the primary cause of the loss.

Keywords: microplastics; ultraviolet light absorber; bleaching; polypropylene; polystyrene; polyethylene

1. Introduction

Plastic debris has been dumped into the ocean and spread, resulting in microplastic (MP)
pollution [1-5]. Reflecting commercial plastic production volume, MP consists mainly of
polyethylene (PE), polypropylene (PP) and polystyrene (PS) particles. There is concern that the
presence of large quantities of MP poses a risk to marine ecosystems. Of particular concern are the
various additives contained in plastics [6-9]. Recently Z. Tian et al. reported that tire rubber—derived
N-(1,3-dimethylbutyl)-N'-phenyl-p-phenylenediamine (6PPD) induced acute mortality in coho
salmon [10]. In studying the ecological impact of MPs, how much of the additives they contain are
leached out during MP formation? How are the chemical structures of additives changed? Also, how
does the additive behavior of different plastics differ during MP formation? These questions need to
be addressed.

The primary location of MP formation is considerably complicated. One group was formed on
land and another in the sea. In addition, the mechanisms of MP formation on land and sea were
different [11]. Delamination was observed on the surface of MPs retrieved from the seashore. On the
other hand, no delamination marks but abrasion patch structure occurred on MP surface retrieved
from riverside [11]. The delamination part becomes a much smaller MP, which is released into the
sea. Although the MPs are formed both of on land and in the sea, it is considered that they are
primarily produced in the sea and its surroundings. The reference sample formed in the sea would
be more suitable than that formed on land for studying the behavior of UVA leaching and alteration

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202312.2118.v1
http://creativecommons.org/licenses/by/4.0/

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 27 December 2023 doi:10.20944/preprints202312.2118.v1

2

during MP formation. The delamination has been performed in water by exposure to visible and/or
UV light to obtain MP reference samples by many researchers [12-14]. Similarly, in our previous
study, a photodegradation test of PP film was performed in water with a specific photocatalyst under
visible light irradiation, and MP reference samples were obtained by planar delamination [15]. MP
formation has been certainly associated with autoxidation and water. However, these rates of MP
production by light irradiation were very slow even with the photocatalyst. To study the comparison
of additive behavior on different plastics during MP formation, it was necessary to develop an
accelerated MP production method [16,17]. In our previous study [18], PP degradation was
performed in seawater using sulfate ion radical (SOs®-), where SOs®- acts as a highly efficient initiator
for the degradation of the plastic. The combination of seawater and the SOse- initiator resulted in the
excellent acceleration of the degradation process under pH control. This combination is also effective
against accelerated degradation of other C-C bonded polymers such as PE and PS, which share the
same degradation mechanism (autoxidation).

In this study, the quality-changed behavior of UVA (UV-326) in PP, HDPE, LDPE, PLA and PS
over time during degradation was studied with a novel degradation method (EDM) using sulfate ion
radical in seawater. The UVA concentration in these polymers was measured by pyrolysis gas
chromatography/mass spectrometry (Py-GC/MS). The UVA structural changes were confirmed by
FT-IR measurements.

2. Materials and Methods

2.1. Materials

PP was supplied by Prime Polymer Co., Ltd. (product name: J-700GP). The Melt Flow Rate
(MFR) and density were 8 g/10min and 0.9 g/cm®. PLA was supplied by Mitsui Chemicals, Inc.
(production name: Gread H-100). The weight-average molecular weight (Mw) and molecular weight
distribution (Mw/Mn) were 1.2x10° and 1.1, respectively. PS was purchased from Sigma-Aldrich Co.
LLC. The weight-average molecular weight (MW) and molecular weight distribution (Mw/Mn) were
3.5x10° and 2.1, respectively. HDPE and LDPE were purchased from Sigma-Aldrich Co. LLC. The
melt index (190°C/2.16kg) values of HDPE and LDPE were 10 g/10 min and 25 g/10 min, respectively.
Bumetrizole (UVA: UV-326) and potassium persulfate (K25:0s) were purchased from Wako Pure
Chemical Industries. Sea water was prepared with Gex artificial saltwater purchased from
Amazon.co.jp.

2.2. Preparation of polymer samples containing ultraviolet light absorber (LIVA)

The polymer and UVA blend was prepared by an Imoto Seisakusyo IMC-1884 melting mixer.
The polymer pellets (ca. ©5 mm) and bumetrizole fine particles (ca. 0.01x0.1 mm) were employed as
polymer and UVA, respectively. The 2 g-powdery of polymer sample and 0.1 g-UVA were put into
a 50 ml glass vessel and then were premixed. The mixture was put into the melting mixer, and melt
mixing was performed at 180 °C at 50 rpm for 6 min. The obtained sample was molded into the film
(ca. 50x50x0.075 mm) by compression molding at 180 °C under 10 MPa for 5 min. The film was cut
into 5x5x0.075 mm and was employed as polymer film containing 5-phr UVA. For PS samples, 10-
phr UV A-containing films were also prepared.

2.3. Enhanced degradation method

The degradation was performed in seawater using sulfate ion radical. The procedure was
according to reports 15, 26. 1) Five pieces of each film were put into a 100 ml glass vessel containing
with a 20 ml of seawater solution with 0.54 g K25:0s at ca. 65 °C for 12 h under stirring with a stirrer
tip speed of ca. 100 rpm. 2) The equal amount of K25:0s seawater solution was added to compensate
for the consumption of oxidant, and its degradation was carried out for 12 h under the same
conditions. 3) The five pieces of the film were then transferred to a new 100 ml glass vessel containing
20 ml of seawater solution with 0.54 g K25:0s, and the degradations were started again under the
same conditions. The enhanced degradation method was carried out for a predetermined number of
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15 days using 1) to 3) as one set (Total 15 sets). The pH value of the solution was changed from 8.2 to
3 during each set.

2.4. Fourier Transform Infrared (FT-IR) analysis

The IR spectra 16 scans were measured with an FT-IR spectrometer (Jasco FT-IR 660 plus) at a
resolution of 4 cm™ over the full mid-IR range (400-4000 cm™). The carbonyl index (CI) of PP was
calculated as the band intensity ratio of carbonyl group (ca. 1715 cm™)/scissoring CH2 group (ca. 1450
cm), and that of PS was done using the carbonyl group (ca. 1715 cm™) / symmetric CH: stretching
group (ca. 2850 cm™) band intensity ratio.

2.5. Pyrolysis Gas Chromatography/Mass (Py-GC/MS) spectroscopy measurement and creation of calibration
curve

Multi-functional pyrolyzer (Frontier Labs., EGA/PY-3030D) is attached to a GC/MS spectroscopy
(SHIMADZU, GCMS-QP2010 PLUS). The measurement was employed with 100 og sample. The
pyrolysis was performed at 550 °C. Helium was used as the carrier gas for the capillary column with
a flow-rate of 1.0 mL/min. The MS system was operated under electron ionization mode at 70 eV.

The UVA (UV-326) concentration in various polymers were measured by the Py-GC/MS. As
shown in Figure S1, the UVA peak appears at a retention time of 23.5 to 24.5 min. The area ratio
calculated by dividing the peak area by the total area was plotted against known UV A concentrations
to create a calibration curve (see Figure S2). The UV A concentrations in various polymers at the time
of degradation were calculated using this calibration curve based on area ratios obtained from the
py-GC/MS measurements.

2.6. Scanning electron microscope (SEM) with energy dispersive X-ray spectroscopy analysis

The SEM / EDX analysis was carried out with a JSM-7500FAM (JEOL) with 5.0 kV. The working
distance was about 3x4 mm. Samples were placed in dried oven maintained at 27 °C for 30 min and
were sputter-coated with gold before SEM imaging.

3. Results and Discussion

3.1. Homogeneous degradation behavior

Weathering degradation is limited to surface of polymer matrix, resulting that it takes a long
time for degradation to progress into the interior. Therefore, it is difficult to analyze the quality
change of an encapsulated UVA additive in the polymer in a short period of time. In order to easily
detect the change in quality of the UVA over time during degradation, it was necessary to use a
method that would allow the degradation to start simultaneously on the surface and inside the
polymer matrix and to proceed uniformly. Therefore, we used a novel "enhanced degradation
method (EDM)" by using sulfate ion radicals in seawater to homogeneously degrade the entire
sample containing a UVA (UV-326). EDM can homogeneously degrade polymers such as
polypropylene in a short time [18]. Figure 1 shows the schematic scheme of simultaneous and
uniform degradation progression in the polymer matrix using EDM. The behavior of UVA in each
polymer during degradation has been studied in detail using this EDM.
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Figure 1. Schematic scheme of simultaneous and uniform degradation progression in polymer matrix
using EDM.

Figures 2 and 3 show the color changes of PP and PS samples containing 5-phr UVA film using
EDM, respectively. Both samples degraded with EDM showed more severe whitening than those
degraded with a degradation initiator combining sulphate radicals and pure water. The SEM images
of both after 15 days of EDM degradation showed numerous grooves or crushed particles. In pure
water, the radical species cannot diffuse into the interior of the polymer, so degradation is limited to
the surface as in weathering degradation. In addition, the small surface changes indicate that the
degradation rate is also much slower than that of the EDM. It appears that the difference between the
PP and PS is whitening rate in the EDM degradation. Chemi-crystallization of semi-crystalline
polymer such as PP occurs when its polymer chain is broken due to degradation [19]. The
crystallization causes volume shrinkage, which generates the grooves observed in the PP SEM
photograph. The higher whitening rate of the PP sample due to degradation is caused by chemi-
crystallization. On the other hand, the amorphous PS does not undergo such chemical crystallization,
resulting in a slower whitening rate.

Using sulfate ion
radical in pure water

e sulfate fon n n D y
radical in seawater Xy

(EDM) 3 days 6 days 9days 12days 15 days

Degradation time

Figure 2. Color change of PP containing 5-phr UVA film using EDM.
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Figure 3. Color change of PS containing 5-phr UVA film using EDM.

Figure 4 shows the degradation time dependence of UVA residual amount in various polymer
samples using the sulfate ion radical in pure water. The order in the amount of residual UVA in each
polymer with increasing degradation time is as follows: PS > PLA > HDPE> PP > LDPE. This order
seems to be related to glass transition temperature (Tg) except for PP and HDPE [20]. For each
polymer, the UV A loss rate was calculated by differentiating the residual amount against degradation
time. The results are summarized in Figure 5. The UVA loss rate of PS, which has the highest Tg
among these polymers, is close to zero with no dependence on degradation time. The other polymers
are considerably similar to each other in the behavior of the change in the UVA loss rate with respect
to degradation time. The rate reaches a maximum in the first 3 days of degradation, and after 6 days,
the rate drops sharply to close to zero, although there is some scatter. The degree of scattering seems
to be related to the degree of crystallinity because it is much lower for PS and LDPE with no or low
crystallinity. The behavior of UVA loss with progressive degradation would be closely associated
with mobility of polymer chain. The higher the mobility of the polymer chain, the easier it is for the
polymer chain to escape from the glassy state, resulting in a lower Tg. The presence of crystalline part
inhibits the propagation of degradation and the movement of polymer chains. Therefore, if the
influence of the crystalline part can be suppressed, the correlation between the UVA loss rate and Tg,
in other words, the mobility of the polymer chain, becomes clearer.
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Figure 4. Degradation time dependence of UVA residual amount in various polymer samples using
sulfate ion radical in pure water.
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Figure 5. Degradation time dependence of UVA loss rates in various polymer samples using sulfate
ion radical in pure water.

Figures 6 and 7 show the degradation time dependence of UVA residual amount and loss rates
in various polymer samples using EDM. Although crystalline polymer degradation is commonly
limited to the amorphous part, EDM can also degrade the crystalline it [18]. As shown in Figure S3
(b), the molecular weight curves of the PP samples shifted toward the lower molecular weight side
with increasing degradation time while maintaining almost the same shape. This behavior suggests
that the degradation caused by EDM proceeds uniformly with almost no difference between the
crystalline and amorphous parts. In fact, for the crystalline polymers PP, HDPE, LDPE and PLA, the
variation in UVA residuals at each degradation time was significantly improved (see Figure 6). As
shown in Figure 7, the degradation time dependence of UVA loss rate in these crystalline polymers
is very similar to each other. Figure S4 shows the comparisons of degradation time dependence of
UVA residual in PP samples in pure water and using sulfate ion radical in pure water or EDM. If
there is no degradation of UVA due to degradation, the equilibrium of bleaching of it from the
polymer matrix can be explained by physicochemical model. Bleaching behavior of several UV
stabilizers, including UV-326, from various polymer matrices has already been studied by Do et
al.[21]. According to their report, the leaching behavior of UV stabilizers including UV-326 from
LDPE showed a positive deviation from Raoult’s law in an acrylic nitrile/water mixture, and that
from PS did a negative one. Since PP is an aliphatic hydrocarbon polymer as well as LDPE, its UVA
deviation value can be regarded as nearly equal to those of LDPE. The positive deviation means that
there is no intermolecular interaction between the PP and UVA, while the negative value for PS does
that there is one between them. The significant increase in the initial loss rate observed during the
degradation by EDM seen with the crystalline polymers of PP, HDPE, LDPE and PLA is due to
homogeneous and faster fragmentation of the polymer matrix, i.e., increased surface area due to
microplasticization [18]. A similar increase in microplasticization rate occurs with the PS, but the
intermolecular interaction between UV A and PS does not result in as pronounced its increase in loss
rate as with other polymers.
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Figure 7. Degradation time dependence of UVA loss rates in various polymer samples using sulfate
ion radical in seawater (EDM).

Figure 8 shows the scheme of UVA (UV-326) destabilization by autoxidation. The hindered
phenol part of UVA-326 acts as an antioxidant [22,23]. Polymers with aliphatic main chains, such as
PP and PS, cause degradation by autoxidation [24,25], resulting in the generation of peroxide radical
(ROQpe) from the aliphatic polymer main chains. As shown in Figure 8, the phenol part in the UVA
reacts with the ROOe, and hydrogen transfer occurs from the phenol to the peroxide radical [23]. The
transformation product, quinone, is formed by reaction with hydroperoxide via the intermediate
phenoxyl radical as shown in Figure 8. The quinone part is an unstable compound and causes further
alteration. As a result, the UVA is decomposed. The decomposition process requires a contact with
the peroxide radical, which is influenced by the polymer chain mobility. UV-326 has an aromatic ring,
which interacts with the benzene ring of PS by m-mt stacking. If some of the aromatic rings are
converted to unstable quinone rings by autoxidation of UVA, as shown in Figure 8, the interaction
would decrease and the UVA bleaching rate would increase. Figures S4 and S5 show the IR spectra
changes of PP containing 5-phr UVA and PS containing 10-phr UVA films, respectively, using EDM.
The quinone group in benzophenones has a vibrational mode in the spectral region of 1650-1680 cm-
1in FT-IR measurements [26,27]. New peaks assigned to the quinone groups could be not observed
in the relevant spectral region after 15 days of degradation of PP containing 5-phr of UVA with EDM
(see Figure 4S). This result supports the assumption mentioned above that the loss of UVA additive
was not due to quinone deterioration of it, but to increased solutes from outside the system due to
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the increased surface area resulting from matrix degradation-induced fragmentation. HDPE, LDPE,
and PLA, which are crystalline and do not interact with the UVA, are similar to PP in that the UVA
loss by the degradation using EDM is not due to deterioration but to an increased leaching rate
associated with fragmentation. Even when the degradation of EDM was performed by increasing the
UVA dosage in the PS, which has a slow UVA bleaching rate, no quinone group peaks appeared until
the 24 days degradation, as shown in Figure 5S5. These results indicate that UVA (UV-326)
deterioration in the polymers does not occur or rarely does with degradation, and that leaching out
of the system is primarily responsible for the loss.
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Figure 8. Schematical of UVA (UV-326) destabilization by autoxidation.

4. Conclusions

To reveal the quality-changed behavior of the UVA over time during degradation, EDM was
employed to homogeneously degrade the entire polymer sample containing it. The PP and PS
samples containing 5-phr UVA films rapidly whitened, and their SEM photographs after 15 days of
EDM degradation showed numerous grooves or crushed particles. There was the difference of
whitening rate between the PP and PS in the EDM degradation. Chemi-crystallization of semi-
crystalline polymer such as PP occurred during the degradation and caused the volume shrinkage to
the grooves generation. The higher whitening rate of the PP sample due to degradation was caused
by chemi-crystallization. The UVA loss rate of PS with the higher Tg was much slower compared to
the crystalline polymers of PP, HDPE, LDPE and PLA. The crystalline polymers, with the exception
of PS, were similar in the behavior of the change in UVA loss rate with respect to degradation time.
The significant increase in initial loss rate observed during EDM degradation of the crystalline
polymers was due to homogeneous and faster fragmentation of the polymer matrix, i.e. increased
surface area due to microplasticization. A similar increase in microplasticization rate occurred with
the PS, but the intermolecular interaction between UVA and PS did not result in as pronounced its
increase in loss rate as with other polymers. The UVA (UV-326) had one aromatic ring, which
interacted with the benzene ring of PS by m-1t stacking. The interaction caused the decrease in the
UVA bleaching rate. The phenolic part of the UVA was able to react with the degraded polymer,
likely resulting in the formation of quinone compound. As a result, the UVA would be degraded,
possibly leading to a decrease in residual amounts, a factor other than leaching. However, no quinone
group peaks were observed in either FT-IR measurement of EDM degradation of PP and PS
containing the UVA. These results indicated that the UVA was not altered or was less done in the
polymers. The study concluded that leaching from the system was the primary cause of the loss.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org. Figure S1: Pyrolysis gas chromatography (Py-GC/MS) charts of PP samples
containing various UVA concentration; Figure S2: Relationship between UV A concentration in various polymers
and area ratio obtained from pyrolysis gas chromatography (Py-GC/MS) measurements: Number of
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measurements = 3 times; Figure S3: Molecular weight curve changes of PP samples during degradation time :
(a) by sulfate ion radical in pure water. (b) by sulfate ion radical in seawater (EDM); Figure S4: Comparisons of
degradation time dependence of UVA residual amount in PP samples in pure water and using sulfate ion radical
in pure water or seawater (EDM): All degradation temp. = 65 °C; Figure S5: IR spectra changes of PP containing
5-phr UVA film using EDM; Figure Sé: IR spectra changes of PS containing 10-phr UVA film using EDM.
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