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ABSTRACT:Microplastics (MPs) are ubiquitous in the environ-
ment and are in� ltrating the food chain, causing potential risks to
living beings. However, current methods of MP removal from an
aqueous environment are limited by low e� ciency. Advanced
oxidation processes (AOPs) are emerging techniques for MP
puri� cation. Herein, a hydrothermal coupled Fenton system is
developed for decomposition of ultrahigh-molecular-weight poly-
ethylene, achieving 95.9% weight loss in 16 h and 75.6%
mineralization e� ciency in 12 h. The high e� ectiveness is
attributed to the synergy of hydrothermal hydrolysis, proton-rich
environment, and massive production of hydroxyl radicals. The
system is also e� cient to remediate di� erent petroleum-based
plastics and maintains high e� ciency in practical water bodies.
Characterizations revealed a two-stage degradation process: chain unfolding/stretching and oxidation, giving rise to the formation of
carbonyl groups and decreased crystallinity of MPs during the hydrothermal treatment. The chain stretching stage is pivotal to the
whole treatment because it remarkably facilitates subsequent chain cleavage and Fenton oxidation. This study provides a new
approach to removing MPs in water bodies and new insights into MP degradation by the AOP technology.
KEYWORDS:microplastics, hydrothermal treatment, Fenton reaction, two-stage degradation, advanced oxidation technology

� INTRODUCTION

Since plastics’ industrialization in 1950s, the global production
of plastics soared and reached 368 million tonnes in 2019.1 A
recent research estimated that 1.1 billion tonnes of plastics will
be produced in 2050.2 Particularly, plastics with sizes <5 mm
are termed as microplastics (MPs).3 MPs come either directly
from industrial production as primary sources for speci� c
purposes (e.g., facial cleansers and polishing agents)4 or
indirectly from fragmentation of larger pieces of plastics as
secondary sources through UV irradiation or abrasion (e.g.,
polypropylene (PP) and polyethylene (PE)� bers from� shery
nets).5 In recent years, di� erent types of MPs have been
detected in freshwater systems,6 oceans,7 terrestrial soil,8 air,9

and even in Arctic10 and Antarctic areas.11 Worse still, MPs
extensively exist in daily-life products, such as cosmetics,4 tea
bags,12 table salts,9 tap water,13 bottled water,14 and milk.15

Nevertheless, the majority of mismanaged plastic wastes is
transported via sewage, rivers, and eventually to the oceans.16

Thus, MPs in sewage and wastewater have become a potential
hazard in future water and food supply.

The characteristics of abundance and small size make MPs
more likely to be ingested by marine life. Until now, MPs have
been found in 92% of at least 690 marine species that
encountered marine debris.17 MPs can cause physical impacts
on wildlife via internal or external abrasion and digestive tract
blockage.18 In addition, pollutants adsorbed on MPs and

hazardous additives contained in MPs render MPs to act as a
vector to gather and transfer toxic pollutants, causing potential
threats to wildlife.19,20 More than half of priority pollutants
given out by the U.S. Environmental Protection Agency and
European Union are related to plastic debris.19 In addition,
MPs have already been found in human lung tissue and
stool.21,22 Therefore, removing MPs from the environment is
stringent, considering their distribution, negative biological
impacts, and soaring production.

In the last decade, many techniques have been devised to
degrade MPs. Recently, these strategies and technologies have
been comprehensively reviewed and discussed.23 Technologies
such as cogasi� cation,24 thermal pyrolysis,25 and microwave-
initiated catalytic reactions26 have been proved e� ective to
remove MPs. However, these techniques were based on solid-
state reactions. MPs in water are featured with small sizes and
ultralarge quantities. Nevertheless, wastewater treatment plants
can achieve a MP retention rate of 98.3% via a conventional
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activated sludge process and a pilot-scale membrane
bioreactor; there are approximately 1× 107 MPs discharged
daily in the� nal e� uent.27 MP removal by adsorption or
� ltration is an e� ective way to relieve MP contamination, but
MPs still exist in the adsorbents/membrane and require further
treatments. Micromotors were also designed to remove MPs
via generating adsorptive bubbles,28 but the e� ciency needs to
be further improved. Recently, advanced oxidation processes
(AOPs) have been applied in MP degradation in the aqueous
environment, utilizing diverse reactive oxygen species
(ROS).29,30 We innovatively coupled hydrothermal conditions
with persulfate-based AOPs to intensify the oxidation and
mineralization e� ciency.29 It was shown that sulfate radicals
(SO4

• � , E0 = 3.1 V vs normal hydrogen electrode [NHE])
have great capacity of degrading cosmetic polyethylene MPs.
On the other hand, Fenton’s reagent (Fe2+/H 2O2) can
generate hydroxyl radicals (• OH, E0 = 2.7 V vs NHE) to
degrade persistent organic pollutants with advantages of high
performance, simplicity, and nontoxicity.31 In this study, we
� rst applied the intensi� ed Fenton system to directly purify
MPs in water. In previous MP treatment, Fenton’s reagent was
usually applied as a fast and e� cient method to isolate MPs
from wastewater32 and organic-rich matrices33 by digesting
organic compounds through oxidation. This process will not
signi� cantly impact the properties of MPs at room temper-
ature. The U.S. National Oceanic and Atmospheric Admin-
istration (NOAA) also recommended to use Fenton’s reagent
to extract MPs from various environments.34 A recent study
showed that Fenton’s reagent accelerated surface aging of MPs
at room temperature, despite that the oxidation rate was low.35

In this study, we� rst coupled the Fenton reaction with a
hydrothermal process for direct decomposition of refractory
MP polymers in water. We analyzed the chemical, structural,
and morphological changes of MPs before and after the
treatment by multiple characterizations and analytical
techniques. We found that both hydrothermal conditions and
Fenton oxidation played indispensable roles in MP removal.
MPs experienced signi� cant changes in carbon chain scission
and formation of carbonyl groups. The performances of the
integrated system toward di� erent types of MPs were
evaluated. Experiments on real-life plastics and in real water
matrices were also performed. In addition, the toxicity of
degradation intermediates was evaluated usingEscherichia coli
(E. coli) as a probe.36,37 The outcomes of this study will
provide basis and inspiration for future research on
optimization of Fenton or Fenton-like systems toward MP
puri� cation.

� EXPERIMENTAL SECTION
Pretreatment and Preparation of Microplastics. For

removal of the acid and hydroxy groups on the ultrahigh-
molecular-weight polyethylene (UHMWPE) MPs, a pretreat-
ment is required. To be speci� c, 2.5 g of MPs was added into
50 mL of 2 M aqueous NaOH and stirred at 500 rpm at 40°C
for 24 h, followed by vacuum� ltration, and then washed with
ultrapure water until pH of the� ltrate reached neutral. The
obtained MPs were dried in air for 3 days before use.
Polystyrene (PS) MPs were obtained by ball-milling PS pellets
with a planetary mill (FRITSCH PULVERISETTE 7 with
zirconia balls and vials) at a low speed of 300 rpm overnight. It
was set to operate for 2 min every 7 min to prevent high-
temperature damage to MPs. The pellets of poly(ethylene
terephthalate) (PET), high-density polyethylene (HDPE),

low-density polyethylene (LDPE), and PP were smashed by
a grinder (IKA A 11 basic analytical mill) with 10 s operation
in every 10 min. All of the obtained particles were� ltered by a
100� m stainless steel sieve followed by washing with ethanol
and water several times. The MPs were then air-dried at room
temperature for 3 days before use. The ball milling is capable
to produce� ner MPs than the grinder. The MPs from a facial
cleanser were extracted by washing with ultrapure water several
times under magnetic stirring at 500 rpm for 24 h. The MPs
were� ltered with 0.45� m cellulose acetate (CA) membranes,
washed several times, and then air-dried for 3 days. The MPs
from plastic bags (LDPE), plastic wraps (LDPE), and milk
bottles (HDPE) were made by cutting the products with
scissors into debris smaller than 5 mm.

Fenton Oxidation Procedure. The oxidation was
performed in a 200 mL Te� on autoclave at 140°C in an
oven. Overall, 1 g L� 1 certain types of MPs (UHMWPE,
LDPE, HDPE, PS, poly(vinyl chloride) (PVC), PP, or PET)
were� rst dispersed in 150 mL of ultrapure water by magnetic
stirring vigorously at 1500 rpm for 10 min. To prevent the
generation of iron sludge and facilitate the measurement of
weight loss and characterization of MPs, the solution pH was
adjusted to the acidic condition (c(H+) = 0.2 M) using
hydrochloric acid or sulfuric acid unless speci� cally mentioned.
FeSO4·7H2O (4 mM) was dissolved in the solution, and 200
mM H2O2 was then added into the autoclave to trigger the
reaction (room temperature), followed by sealing and
transferring the autoclave rapidly in a preheated oven. After
the reaction, the autoclave was cooled slowly to room
temperature in the oven. Then, MPs were collected by vacuum
� ltration with a preweighed 0.45� m CA membrane. To
prevent the corrosion of the membrane, the solution was
diluted 10 times in advance. If the iron sludge was produced,
the � lter residues were washed with hydrochloric acid (37%)
by stirring at 500 rpm for 24 h, and then diluted and� ltered to
obtain the solid product. The product was dried in air for 3
days before weighing. The Fenton experiment was carried out
in duplicates and the mean values are presented. Quenching
experiments were performed with di� erent concentrations of
methanol (0� 500 mM). Blank and comparative experiments
(Fenton reagents free and lower temperatures) were carried
out accordingly. The oxidation e� ciency was evaluated with
the following equation (eq 1)

W W

W
weight loss (%) 100%t 0

0

=
Š

×
(1)

whereWt is the weight of remaining MPs after the Fenton
reaction andW0 is the initial weight of MPs.

MP Characterizations.The morphology changes of MPs
were investigated by scanning electron microscopy (SEM, FEI
Quanta 450). X-ray di� raction (XRD) was carried out using a
Rigaku MiniFlex 600 X-ray di� ractometer. The functional
groups and the molecular structures of MPs were examined by
Fourier transform infrared (FTIR) spectroscopy (Nicolet 6700
Thermo� sher) and Raman spectroscopy (HORIBA LabRAM
HR Evolution) equipped with a green laser at 532 nm. The
chemical states of carbon and oxygen were obtained from X-
ray photoelectron spectroscopy (XPS) with Mg K� X-ray. The
size distributions of MPs were recorded by a Mastersizer 2000-
Malvern using ethanol as a solvent. Di� erential scanning
calorimetry was carried out by thermogravimetric analysis-
di� erential scanning calorimeter (TGA� DSC, Mettler Tole-
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do). MPs (2� 4 mg) were placed in an aluminum pan with 50
mL min� 1 N2. The initial heating rate was 10°C min� 1 before
120°C, followed by 5°C min� 1 between 120 and 180°C. The
subsequent cooling rate was the same as the heating period.

Toxicity Evaluation. The toxicity of the� ltrates was
evaluated with a modi� ed � lter paper disk method.36,37

Solutions for the toxicity evaluation were prepared by pH
adjustment to 7.5� 8.0 and� ltration. The bacterial strain ofE.
coliwas thawed from a stock (� 80 °C) and cultivated in the
Luria� Bertani (LB) Lennox medium with 50� g mL� 1

streptomycin at 37°C overnight. Then, 0.5 mL of obtained
E. coliwas mixed with 9.5 mL of LB Lennox media (containing
50� g mL� 1 streptomycin), and cultivated at 37°C for 80 min
to reach its exponential phase (optical density at 600 nm was
around 0.6). Subsequently, the solution was diluted 300 times
with the LB Lennox medium. About 0.1 mL of the inoculum

was added to an agar plate (containing 50� g mL� 1

streptomycin) and spread evenly over the surface. Afterward,
� lter papers that were rinsed in� ltrates for 24 h were placed
gently on the agar surface, which was then cultivated at 37°C
overnight. The size of the inhibition zone represents the
toxicity of the tested solution. Blank� lter papers rinsed in
ultrapure water and 1 mg mL� 1 ampicillin were regarded as
positive and negative control tests, respectively. The chemicals
used and quality control are described inText S1of the
Supporting Information (SI).

� RESULTS AND DISCUSSION
MP Degradation Performance. Figure 1a shows MP

removal by the hydrothermal Fenton system. In the� rst 4 h,
the weight of MPs did not change much. However, rapid
degradation occurred in 4� 16 h, achieving 95.9% weight loss

Figure 1. (a) MP degradation performance of the Fenton system and (b) quenching experiments with di� erent amounts of methanol
(experimental conditions: Fe2+: 4 mM, H2O2: 200 mM, UHMWPE MPs: 1 g L� 1, temperature: 140°C).

Figure 2.Weight loss of MPs under di� erent conditions: (a) pH value, (b) temperature, (c) Fe2+ free or H2O2 free, (d) Fe2+ concentration, (e)
H2O2 dosage, and (f) MP loading (control conditions: Fe2+: 4 mM; H2O2: 200 mM; UHMWPE MPs: 1 g L� 1; hydrothermal temperature: 140°C;
time: 12 h).
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of MPs. The total organic carbon (TOC) value after the 12 h
reaction reached 104.0 mg L� 1, and the corresponding
mineralization rate was 75.6% (seeText S2 and Table S1).
Figure S1shows that MP degradation follows the pseudo-� rst-
order kinetic model for the two stages. The reaction rate
constants in the� rst (0� 4 h) and second stages (6� 16 h)
were 0.0058± 0.0006 and 0.299± 0.009 h� 1, respectively. We
suppose that the initial stage (0� 4 h) did not directly cause
weight loss but signi� cantly changed the structure/chemistry
of MPs via breaking and unfolding the condensed molecule
chains,29 which is bene� cial for the subsequent radical
oxidation in the second stage to decompose the segments.

To � gure out the responsible ROS for the MP loss, radical
quenching experiments were performed using methanol as an
oxidation terminator due to its fast reaction rate with•OH
radicals (Figure 1b). The addition of methanol showed distinct
retardation to the weight loss of MPs, and the increase of
methanol loading caused further inhibition of oxidation. When
the methanol dosage reached 500 mM, only 1.77% MP loss
was attained. The radical quenching tests prove that• OH is
the primary ROS accounting for MP decomposition.

The impacts of reaction parameters on MP removal were
evaluated under di� erent conditions. As shown inFigure 2a,
the Fenton system was e� ective at a H+ concentration between
0.2 and 1× 10� 3 M (pH = 0.7� 3), and the removal e� ciency
decreased gradually as pH increased. Higher pH might lead to
the direct hydrolysis of H2O2 and severe precipitation of Fe3+

into amorphous ferric oxyhydroxides, which are considerably
less Fenton reactive, dramatically reducing the oxidative
capacity of the system.31,38� 40 At 140 °C, the ionization
product constant of water is 11.7,41 which means the
concentration of hydroxyl ions (c(OH� )) roughly increased
by 102.3 times (assumingc(H+) is constant) compared to room
temperature. Thus, the values ofc(OH� ) at initial pH = 0.7, 1,
2, and 3 at 140°C equal to those at pH = 3, 3.3, 4.3, 5.3,
respectively, at 25°C. A higher concentration of OH� would
facilitate the decomposition of H2O2 into H2O and O2 (eq
S1),42 restraining ROS generation and eventually reducing MP
oxidation capacity. In contrast, a higher concentration of H+

will drive MP oxidation to form hydroperoxide (� CH2�
HCOOH� CH2� )n, which then splits into new free oxy
radicals (� CH2� HCO• � CH2� )n and• OH, respectively (eqs
S2 and S3).43 Hydroxyl radicals, in turn, attack MPs and
promote degradation. However, at a pH value lower than 1, the
MP decomposition rate slightly decreased. This might be due
to the fact that an ultrahigh concentration of H+ might further
quench• OH to form H2O (eq S4), consuming ROS and
decreasing the oxidation capacity of the Fenton system.31,38

Therefore, under hydrothermal conditions, the optimal initial
pH value of the thermal Fenton system should be more acidic
than the ambient environment (pH of 2� 4).

The high-concentration protons (0.2 Mc(H+)) may partially
destroy polymer structures, but they are not the main driving
force for the signi� cant degradation in the Fenton system.
Moreover, the thermal Fenton system showed a better
e� ciency using hydrochloric acid to adjust the acidity than
that using sulfuric acid. This implied that the presence of Cl�

accelerated the degradation of MPs. The chlorine ions would
react with H2O2 and• OH to produce chlorine radicals (Cl• , E0

= 2.41 V vs NHE and Cl2
• � , E0 = 2.09 V vs NHE44), which are

also oxidative and would contribute to MPs degradation.
Overall, H+ will facilitate Fenton-based MP degradation in two
possible aspects: (1) preventing hydrolysis of H2O2 and

precipitation of Fe3+ and (2) promoting the formation of
hydroperoxide (� CH2� HCOOH� CH2� )n to favor oxidative
hydrolysis of plastics.

Figure 2b shows the e� ect of hydrothermal temperature on
MP weight loss. When the temperature is lower than 140°C,
there was almost no weight loss. However, once the
hydrothermal temperature was elevated to 140°C, the
decomposition e� ciency remarkably increased to almost
90%, and 95.5% removal at 160°C. Interestingly, the melting
point of UHMWPE (Sigma-Aldrich) is 144°C. This suggests
that the e� ective oxidation did not initiate until the
temperature reached a certain point close to but not
necessarily reaching the melting point of the polymer. We
suppose that, when the environment temperature was lower
than that temperature, the densely compact polymer chains
and low surface area of MPs hindered ROS attack and
oxidation, resulting in a low removal rate. Once the reaction
reached a certain temperature, the carbon chain started to
stretch and open, which increased the surface area of MPs. In
addition, the higher temperature would facilitate radical
generation both thermodynamically and kinetically.31 The
bare Fenton system and bare 140°C experiments (Figure
2a,b) also evidence that the synergistic e� ect of heat and Fe2+

activation remarkably enhanced the radical generation
e� ciency. Therefore, a favorable high temperature is pivotal
in MP degradation because it not only unfolds the densely
packed macromolecules but also accelerates radical production,
thereby signi� cantly intensifying the decomposition process.

The in� uences of Fe2+ and H2O2 dosages on the thermal
Fenton system were investigated. InFigure 2c, over 40% MPs
were removed without Fe2+. However, if Fe2+ was added
without H2O2, MPs barely decomposed. Thus, H2O2 was
indispensable in the thermal Fenton system, and the presence
of Fe2+ further boosted H2O2 activation and• OH generation.
When Fe2+ concentration increased from 1 to 4 mM, more
MPs were degraded (Figure 2d). When the dosage of Fe2+ was
above 4 mM (4� 10 mM), the degradation rate only improved
slightly. The overdosed Fe2+ might further scavenge• OH due
to its reductive nature. Althoughin situquanti� cation of Fe2+

and Fe3+ will help reveal the mechanism, such an evaluation is
hardly performed under hydrothermal conditions. In terms of
H2O2 dosage, MP weight loss increased along with the
increased level of H2O2 from 50 to 300 mM (Figure 2e).
However, the e� ciency dropped when the excess amounts of
H2O2 (400� 500 mM) were introduced. Overdosed H2O2 will
compete with MPs to react with• OH viaeq S5.31,38 Therefore,
the optimal dosages of Fe2+ and H2O2 are 4 and 300 mM,
respectively.Figure 2f shows the MP removal capacity of the
thermal Fenton system. When the system contained 0.5� 1.5 g
L� 1 MPs, the degradation e� ciency stabled at ca. 87%. When
the MP dosage was increased to 2 g L� 1, the weight loss
dropped to 66.9%. Insu� cient Fe2+ and H2O2 should account
for the lower e� ciency at a high MP concentration due to the
lack of• OH.38

We compared the thermal Fenton system with other typical
homogeneous systems inFigure S2. Compared with SO4

• � -
based systems using peroxymonosulphate (PMS) or persul-
phate (PDS) as the parent peroxides activated by base or
metals, the Fenton reaction exhibited a higher e� ciency in MP
degradation. Apart from UHMWPE, the thermal Fenton
system was also used to degrade other types of microscopic
plastic polymers (e.g., PP, PET, HDPE, PVC, LDPE, and PS),
as shown inFigure 3a. The acidic environment has no
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hydrolysis e� ect on most of the plastics (HDPE, PVC, LDPE,
PP, and PS) under hydrothermal conditions (Figure 3b). As
for HDPE, LDPE, PS, and PP, 90% weight loss was attained
after the reaction. The lower degradation rate of HDPE than

that of LDPE may be attributed to the higher density and
fewer branches of HDPE, which require a longer activation
time for chain stretching and opening. Almost no oxidation
appeared for PVC at 140°C, but the weight loss reached

Figure 3.Weight loss of di� erent types of microplastics (a) after thermal-assisted Fenton treatment and (b) thermal treatment with 0.2 M H+

(experimental conditions: Fe2+: 4 mM, H2O2: 200 mM, MPs: 1 g L� 1, temperature: 140°C).

Figure 4.SEM images of MPs experienced di� erent durations of Fenton oxidation: (a) 0 h, (b) 2 h, (c) 4 h, (d) 6 h, (e) 8 h, and (f) 12 h (Fe2+: 4
mM, H2O2: 200 mM, UHMWPE MPs: 1 g L� 1, temperature: 140°C).

Figure 5.FTIR spectra of MPs experienced di� erent durations of Fenton treatment: (a) transmittance spectra of pretreated and 12 h-treated MPs
and (b) absorbance spectra of MPs after 0� 12 h treatments (experimental conditions: Fe2+: 4 mM, H2O2: 200 mM, UHMWPE MPs: 1 g L� 1,
temperature: 140°C).
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28.3% at 160°C. The weight of PET was reduced by 35.0%
after the oxidation (Figure 3a), while 24.8% PET could be
decomposed with 0.2 M H+ (without Fe2+/H 2O2), as shown in
Figure 3b, indicating the low reactivity of PET with Fenton’s
reagent. This can be attributed to the high melting point of
PET, which is above 225°C. On the whole, the thermal
Fenton system is e� ective to treat most types of MPs that are
commonly detected in the environment.

MP Characterizations Before and After Thermal
Fenton Processes. Figure 4 shows the morphological
changes of MPs after di� erent time spans of the Fenton
reaction.Figure 4a shows the original MPs before reactions.
After 2 h of Fenton treatment (Figure 4b), MPs started to
aggregate into larger pieces. When the reaction proceeded for 4
h (Figure 4c), MPs were fused into� at layers and small holes
appeared on the surface, which was caused by the Fenton
oxidation process or MP contraction upon cooling to room
temperature. After 6 h of oxidation (Figure 4d), a few larger
holes (up to 10� m) emerged on the rough surface, indicating
that MPs were decomposed, which corresponds to the
apparent weight loss after 6 h treatment shown inFigure 1.
Larger cavities were found on the plastics as the treatment time
increased to 8 h (Figure 4e). When it comes to 12 h, the MPs
were fragmented into smaller particles (Figure 4f). However,
due to the MP aggregation in the� rst 4 h, a large number of
fragmented residues were still larger than the original particles
(Figure S3a,b). SEM images with larger scales are shown in
Figure S4to show the full picture of the aggregated particles.

FTIR analysis was performed to observe the changes in the
chemical property of MPs after the oxidation (Figure 5). The
peaks at 2915 and 2847 cm� 1 correspond to the asymmetric
and symmetric stretching vibrations of the CH2 group,
respectively, and the peak at 719 cm� 1 represents the rocking
deformation of C� H (Figure 5a).45� 47 The peaks at 1473 and
1463 cm� 1 represent the bending deformation of CH2 and
CH3, respectively.45 The broad peak in the range of 3600�
3300 cm� 1 stands for the stretching vibration of O� H, and the
broad peak below 2915 and 2847 cm� 1 between 3000 and
2500 cm� 1 represents the O� H bond in the carboxylic
group.48,49 The peak that emerged at 1706 cm� 1 after the
reaction contributes to the stretching vibration of the C� O
group in the carboxylic acid or ketone moiety.47 Another new
peak at 1165 cm� 1 stands for the stretching vibration of C�
O.46 More details of each bond and the corresponding
frequency changes are given inTables S2 and S3.

In comparison with the untreated PE (Figure 5b), MPs after
Fenton oxidation showed several signi� cant changes in FTIR.
Speci� cally, the peak intensity of both C� O and C� O groups
appeared and dramatically increased during the treatment,
while the peak of C� O� C in carbon branches did not appear
at 1103 cm� 1 until being oxidized for 6 h. The broad peak
between 3600 and 3300 cm� 1 represents hydroxyl groups with
hydrogen bonds. It is also reported that the broad peak
between 3000 and 2500 cm� 1 and the strong peak at 1410
cm� 1 can certify the existence of carboxylic acid groups.49 The
appearances of the abovementioned oxygen groups indicate
oxidation of MPs during the thermal Fenton treatment. These
oxygenated groups have been reported to accelerate the
degradation of MPs because the hydroxyl groups are more
facile to be oxidized by• OH.50 In terms of CH2 bonds at 2915
and 2847 cm� 1, despite that they seemed to experience
extraordinary changes after oxidation, the broad O� H peak
under these peaks increased the baseline and the addition of

carbonyl groups increased the CH2 peak intensity of the
adjacent methylene group.49,51 Therefore, it is di� cult to
qualitatively analyze the changes in the number of methylene
and methyl groups. However, the peaks representing CH3
symmetric deformation at 1372 cm� 1 rose as oxidation
continued, which demonstrates the breakup of carbon chains
and increased exposure of CH3 after oxidation. In addition, by
comparing the bond positions at di� erent time intervals, all
vibrations related to C� H shifted to higher positions except
the peaks of out-plane CH2 vibrations, and the peaks of C� O
and C� O� C shifted to lower frequencies. This phenomenon
may be caused by the substitution of functional groups along
the carbon chains.49 Speci� cally, the frequency of methyl
usually increases when the associated carbon atom connects to
oxygen, and C� C bonds tend to lower the frequency of
carbonyl groups due to the conjugate e� ects.49 Moreover, we
can qualitatively assess the crystallinity of MPs by analyzing the
peaks at 1473 and 1463 cm� 1, according to the empirical
equation given below (eq 2)52

X
I I

I I

((1 / )/1.233)

1 /
100a b

a b

=
Š

+
×

(2)

whereX is the percent fraction of amorphous material andIa
and Ib are the intensity of peaks 1473 and 1463 cm� 1,
respectively. InFigure S5a, the intensity ratio ofIa/ Ib decreased
after thermal Fenton treatment, and thus the amorphous
portion of MPs was augmented. This may be caused by the
addition of oxygen atoms, which would increase the steric
hindrance and hinder the carbon chain from aligning orderly
via hydrogen bonding, giving rise to decreased crystallinity of
MPs. The red shift of carbonyl stretching at 1705� 1713 cm� 1

evidences the formation of a hydrogen bond, and the
consequent lower crystallinity also complies with the previous
study.53

For the structural changes due to Fenton oxidation, DSC
was carried out to calculate the changes of crystallinity. The
degree of crystallinity is de� ned as follows (eq 3)54

X H T H T( )/ ( )c f m f
0

m
0= � � (3)

whereXc is the degree of crystallinity in weight;� Hf(Tm) is
the enthalpy of fusion measured at melting temperature,Tm;
and � Hf

0(Tm
0 ) is the corresponding enthalpy of totally

crystalline UHMWPE, which usually is 293 J g� 1.55 The
DSC curves of MPs after di� erent time spans of oxidation are
shown inFigure S6, and the calculated degree of crystallinity
increased between 0 and 2 h, as shown inTable 1. When the

system cooled slowly from the hydrothermal condition (140
°C), the more stretching carbon chains at the second hour are
prone to align orderly to form a crystalline phase instead of an
amorphous phase.56 Also, the ruptures of carbon chains in the
amorphous phase usually facilitate the formation of a
crystalline phase due to the chemicrystallization process.57

Thus, the crystallinity increased in the� rst 2 h. At this stage,
the level of generated carbonyl groups was not high enough to
intervene in the crystallization process. On the other side, the

Table 1. Calculated Results from DSC Analysis

time (h) 0 2 4 6 8

enthalpy (J g� 1) 218 236 152 44.4 11.1
crystallinity (%) 74.4 80.6 51.9 15.2 3.8
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crystallinity decreased from 2 to 8 h. During this process, the
oxidation somehow prohibited the crystallization, which
re� ects the increased irregularity of carbon chains caused by
the additional carbonyl groups. Thus, the decreased crystal-
linity between 2 and 8 h indicates that the newly formed
carbonyl groups inhibit the recrystallization process due to the
steric hindrance.

XRD patterns of the crystal structures of MPs during the
oxidation are shown inFigure 6a,b to monitor the changes in
the crystal structures of MPs over time. Both the MPs before
and after Fenton treatment have two main characteristic peaks,
which correspond to the (110) and (200) re� ections,
indicating the orthorhombic structure of crystal PE polymers.58

Compared to the untreated MPs, lower peak intensities of
treated MPs indicate a decreased degree of crystallinity, which
consents to the DSC results. For the (110) re� ection, after a
time span of reaction, the peak shifted from 21.74 to 21.62°.
According to Bragg’s law, the interplanar spacing of the (110)
and (200) re� ections gradually increased from 4.09 to 4.11 Å
and from 3.69 to 3.74 Å, respectively, at extended reaction
time. The increase in interplanar spacing was caused by the
formation of carbonyl or hydroxyl groups on the sides of
carbon chains. When the temperature cools to room
temperature after the reaction, the carbon chains tend to
fold together and reform ordered regions.59 During this
process, the newly formed carbonyl groups, as revealed by
FTIR inFigure 5, would restrain the stretched carbon chains to
form compact structures due to the steric hindrance, thus
increasing the interplanar spacing and ultimately decreasing
the proportion of the crystal phase. In addition, the formation
of oxidized carbon segments due to the scissoring of a
macromolecule may also contribute to the larger interplanar
spacing.

Raman spectra were recorded to analyze the molecular
structures of MPs, such as the degree of crystallinity and
density during the degradation process. The full-range surveys
of MPs after di� erent stages of oxidation are displayed in
Figure S7, and corresponding assignments of Raman bands are
summarized inTable S4. According toFigure 6c, in the CH2
bending region, the intensity ratio of the CH2 (crystalline)
bending vibration at 1416 cm� 1 vs the CH2 (amorphous) at
1439 cm� 1 became lower after the thermal Fenton process.
This lower intensity signi� es the inferior degree of crystallinity,
which also implies the lower density of MPs.60 This result is
consistent with the previous report using peaks at 1416 and
1439 cm� 1 to determine the crystalline and amorphous
phases.61� 63 Similar conclusions can be obtained in the CH2
stretching region (Figure 6d). The increased intensity ratio of
the symmetric CH2 stretching mode at 2847 cm� 1 vs the
asymmetric CH2 stretching mode at 2882 cm� 1 unveiled the
lower density of MPs.60 Compared with the untreated MPs,
MPs that experienced a 12 h Fenton reaction exhibited lower
peak intensities of all forms of CH2 vibration (Figure 6c,d),
indicating the decreased number of CH2 groups. This can be
ascribed to the breakup of carbon chains and the substitution
of hydrogen by oxygen during oxidation. In addition, a new
peak emerged at 1740 cm� 1 after the reaction (Figure S7b),
which represents the stretching vibrations of carbonyl
groups.62 Compared with the FTIR spectra, the C� O peak
is unnoticeable because the signal of the carbonyl group is
typically weak in Raman spectroscopy. This phenomenon
indicates the generation of C� O and oxidation of MPs, which
is in good agreement with the results of FTIR. The appearance
of the peak at 904 cm� 1 after Fenton treatment demonstrates
that a small number of broken carbon chains were formed after
oxidation (Figure S7c).61

Figure 6.(a) XRD patterns of treated and untreated MPs, (b) calculatedd-spacing of MPs after di� erent times of Fenton treatment, and Raman
spectra of MPs after Fenton treatment at (c) 1500� 1000 cm� 1 and (d) 3000� 2750 cm� 1 (Fe2+: 4 mM, H2O2: 200 mM, UHMWPE MPs: 1 g L� 1,
time: 12 h, temperature: 140°C).
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Figure S8shows the XPS survey of original MPs, pretreated
MPs (initial), and 8 h Fenton-treated MPs. The pretreated
MPs showed C 1s and O 1s peaks with corresponding contents
of 89.2 and 10.8 at. %, respectively. In contrast, the oxygen
content in MPs increased to 19.8 at. % after 8 h oxidation,
which agrees with the outcomes of FTIR and Raman. The
increased O/C ratio indicates the higher hydrophilicity of
MPs.35 Furthermore, the C 1s peaks were� tted into four
components with peaks at 284.5, 286.3, 287.3, and 289.0 eV,
corresponding to the carbons in C� C, C� OH/C� O� C, C�
O, and O� C� O, respectively. After thermal Fenton treat-
ment, the contents of C� OH/C � O� C and O� C� O
distinctly increased after the reaction. However, the peak
area of C� O slightly dropped after Fenton oxidation.
Combining the results of FTIR spectra shown inFigure 5,
the C� O peak that emerged at 1706 cm� 1 was mainly
ascribed to carboxylic acid or ester instead of a ketone moiety
or an aldehyde group. The results suggest that oxidation
prefers to occur at the ends of carbon chains to form carboxylic
acid. Considering the slight reduction of the C� O peak in the
XPS analysis, the ketone moiety formed on the carbon chain is
susceptible to be further oxidized into an ester or a carboxylic
acid group via C� C bond scission. There was no C� C peak
detected in the XPS survey, which agrees with the tiny Raman
peak at 1640 cm� 1 (Figure S7b).49 The small amount of C� C
indicates that the double bond may experience further
oxidation or oxidative cleavage into small molecules. In
addition, due to the presence of HCl, chlorine radicals with
mild oxidation potentials might be produced and cause surface
chlorination of MPs or chlorinated byproducts. However, no
obvious peak for the Cl element (� 200 eV) was observed in
the XPS spectra (Figure S10a).64 So the chlorinated MPs
might not exist or surface chlorinated groups are at a trace level
below the detection limit.

E� ects of Pretreatment with NaOH. NaOH can react
with oxygen-containing groups on PE to obtain pristine MPs.65

The absence of functional groups will help to investigate the
behaviors of unaged MPs. Also, in a previous study,66,67 high-
concentration NaOH was utilized for pretreatment of plastics,
which successfully increased the photoreforming performance.
The NaOH hydrolysis generated monomers of ethylene glycol
from PET as a reactant for photoreforming to enhance the
initial rate of H2 production. The performance comparison of
thermal Fenton oxidation with and without pretreatment is
shown inFigure 3a. Compared with the original MPs, the
weight loss of the pretreated MPs slightly decreased by 5%. By

comparing the FTIR spectra (Figure S5b), the broad peak at
1200� 1000 cm� 1 disappeared after NaOH hydrolysis,
indicating that NaOH would react with the oxygen-containing
groups on MPs, which is consistent with a previous study that
NaOH reduced the oxygen content and removed carboxylic
acid groups.65 Therefore, the polymer carbon chains
experienced reduction reactions with NaOH, and the reduced
oxygen may slow down the initial rate of oxidation. The
presence of oxygen-containing groups can increase the
hydrophilicity of MPs, thus enhancing the contact reaction
with ROS.50,64 Also, the existence of oxygen may contribute to
the formation of oxygen-containing radicals such as CO•

(tertiary alkoxy radicals), which will, in turn, attack the
polymer and cause chain breakdown.68 A similar phenomenon
was observed in XPS spectra (Figure S8). The total oxygen
content was distinctly reduced from 16.3% to 10.8 at. % after
pretreatment. According to the C 1s peak deconvolution, the
contents of all forms of carbon� oxygen bonds decreased by
certain degrees. This proves that the higher incipient oxygen
content has a promotion e� ect on thermal Fenton oxidation.
In addition, XRD demonstrates the structural change caused
by NaOH hydrolysis (Figure 6b). Thed-spacing of both (110)
and (200) decreased from 4.085 to 4.077 and 3.690 to 3.675 Å
after the pretreatment, respectively. Considering the results of
FTIR and XPS, the decline in the oxygen content after
hydrolysis will cause a more compact crystalline structure of
MPs. Therefore, the greater crystallinity may be another reason
for the inferior oxidation of the pretreated samples because a
longer treatment time is required to fully extend the polymer
carbon chains, which reduced the valid time for ROS to attack
the macromolecules. Thus, NaOH pretreatment is bene� cial in
photoreforming of PET but not in thermal Fenton oxidation of
UHMWPE.

Performance in Real Water Matrices and Daily-Life
MPs.To investigate the in� uence of the water matrix, we also
carried out MP degradations in tap water, river water, and
seawater (Figure S9). All of the three matrices have limited
inhibitory e� ects on the degradation e� ciency, indicating the
high adaptability of the thermal Fenton system for treating
MPs in natural water bodies. Interestingly, MP degradation in
seawater was faster than ultrapure water, which may be
ascribed to the chlorine-based radicals formed in seawater of
high salinity. The oxidation of typical real-life plastics was also
evaluated (Figure S10). For the plastic beads in facial scrub
(LDPE), plastic bags (LDPE), and wrap� lms (LDPE), the
degradation e� ciency can reach above 85%. But the thermal

Figure 7.Toxicity evaluation results of solutions: (a) ultrapure water, ampicillin, 0 and 12 h reaction� ltrate and (b) 2, 4, 6, and 8 h reaction
� ltrates.
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Fenton is not e� ective to the debris from a milk bottle
(HDPE). Some additives such as plasticizers, stabilizers, and
antioxidants are added to commercial plastics to increase their
stability and make them more stubborn to degrade.69

Therefore, the di� erences in MP deformation might be caused
by the texture, surface area, additives, and melting points.

Toxicity Evaluation. During MP degradation in thermal
Fenton processes, various hydrocarbon intermediates may be
generated in the solution. Thus, the potential risk of the
resulted solution was evaluated via a� lter paper disk method
usingE. coli. The growth ofE. coliin agar plates is shown in
Figure 7. Normally, if the inhibition zone appears around
ampicillin, the growth ofE. coliis restrained, which implies that
the substance in� lter paper is toxic or unfavorable forE. coli
growth. Thus, the absence of the inhibition zone for� ltrates
obtained after di� erent hours of Fenton treatment indicates
that the � ltrates are benign toE. coligrowth.36,37 In other
words, the intermediates generated during Fenton treatment
are nontoxic toE. coli. Notably, before commencing toxicity
tests, pH neutralization was required. Such a process would
result in slight iron sludge� occulation that might contain some
intermediates, which also reduced the toxicity of the� ltrate.

Environmental Implications. In an aqueous environ-
ment, MPs can cause potential physical injuries to micro-
organisms and act as carriers of detrimental pollutants. Even
though current advanced WWTPs can retain over 98% MPs,
extremely large quantities of MPs are still released into water
bodies. E� ective technologies including microwaves, biode-
gradation, and photocatalysis are either mainly focused on
solid-state plastics or su� ering from low degradation rates.
E� ective MP remediation strategies in an aqueous environ-
ment are critically required to keep water security from MP
pollution. This work integrated Fenton’s reagent and a
hydrothermal condition for e� cient degradation of MPs in
water. The synergistic e� ects of Fenton’s reagent, protons, and
hydrothermal conditions promoted the degradation of MPs
with di� erent textures and particle sizes. Thus, the hydro-
thermal Fenton process can be integrated into the tertiary
treatment in WWTPs to simultaneously remove trace-level
MPs, organic pollutants, and microorganisms, which cannot be
achieved by solid-state-based technologies. In this study, a two-
stage oxidation process was found for UHMWPE oxidation,
where MPs extended their carbon chain in the� rst stage and
started to decompose to generate a large number of C� O and
C� O groups in the second stage. Operation temperature that
is close to the melting point of the MPs is vital for carbon
chain extension. The degree of crystallinity and density
decreased as the thermal Fenton reaction proceeded, and the
system did not release toxic intermediates. Not only PE, but
the thermal Fenton technology was also capable to degrade
common petroleum-based plastics (PP, PVC, and PS). To our
delight, the system was also e� ective in MP removals in real-
life water bodies. The discovery in this study is of critical
importance to current MP removal strategies as it has the
virtue of high e� ciency, low toxicity, and e� ectiveness in an
aqueous environment. Future research opportunities can be
the development of Fenton-like systems for MP remediation
with greater applicability with a broader pH working window,
lower reaction temperature, and reduced oxidant usage.
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