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Microplastics (MPs) are ubiquitous in the environ-
ment and are ittrating the food chain, causing potential risks to
living beings. However, current methods of MP removal from an
agqueous environment are limited by lowiency. Advanced
oxidation processes (AOPs) are emerging techniques forviRworecuer
puri cation. Herein, a hydrothermal coupled Fenton systemi®jg " a | . “cc
developed for decomposition of ultrahigh-molecular-weight pcﬂ%}é?«} o)
ethylene, achieving 95.9% weight loss in 16 h and _7@{@@)@) - T
mineralization eciency in 12 h. The high extiveness is == » =
attributed to the synergy of hydrothermal hydrolysis, proton-rich
environment, and massive production of hydroxyl radicals. The Ad ot :
system is also eient to remediate dirent petroleum-based  Residue plastics
plastics and maintains highcency in practical water bodies.
Characterizations revealed a two-stage degradation process: chain unfolding/stretching and oxidation, giving rise to the formati
carbonyl groups and decreased crystallinity of MPs during the hydrothermal treatment. The chain stretching stage is pivotal tc
whole treatment because it remarkably facilitates subsequent chain cleavage and Fenton oxidation. This study provides &
approach to removing MPs in water bodies and new insights into MP degradation by the AOP technology.

microplastics, hydrothermal treatment, Fenton reaction, two-stage degradation, advanced oxidation technology

hazardous additives contained in MPs render MPs to act as a
Since plastitimdustrialization in 1950s, the global productionveCtor to gather and transfer toxic pollutants, causing potential

of plastics soared and reached 368 million tonnes ih&019, threats to wildlife?*° More than half of priority pollutants
recent research estimated that 1.1 billion tonnes of plastics Wiyén out by the U.S. Environmental Protection Agency and
be produced in 205(Particularly, plastics with sizes <5 mm EUropean Union are related to plastic d&bhis.addition,

are termed as microplastics ( >s come either directly MPs_have already been found in human lung tissue and
from industrial production as primary sources for speci Stool*** Therefore, removing MPs from the environment is
purposes (e.g., facial cleansers and polishing “agents) stringent, considering their distribution, negative biological
indirectly from fragmentation of larger pieces of plastics &®pacts, and soaring production.

secondary sources through UV irradiation or abrasion (e.g.In the last decade, many techniques have been devised to
polypropylene (PP) and polyethylene (R€rs from shery degrade MPs. Recently, these strategies and technologies have
nets)> In recent years, dirent types of MPs have been been comprehensively reviewed and diséd3setnologies
detected in freshwater systemsean$ terrestrial sofl air} such as cogasatior’* thermal pyrolysis,and microwave-

and even in Arcfit and Antarctic areasWorse still, MPs initiated catalytic reactidishave been proved eztive to
extensively exist in daily-life products, such as co‘é:mea%tlcs, remove MPs. However, these techniques were based on solid-
bags;’ table salt$,tap watet; bottled watet, and milk. state reactions. MPs in water are featured with small sizes and
Nevertheless, the majority of mismanaged plastic wasteg,j§alarge quantities. Nevertheless, wastewater treatment plants

transported via sewage, rivers, and eventually to the“dceansay achieve a MP retention rate of 98.3% via a conventional
Thus, MPs in sewage and wastewater have become a potentlanl

hazard in future water and food supply.

The characteristics of abundance and small size make MPs September 5, 2021
more likely to be ingested by marine life. Until now, MPs have November 3, 2021
been found in 92% of at least 690 marine species that November 12, 2021
encountered marine deBfi$dPs can cause physical impacts November 24, 2021
on wildlife via internal or external abrasion and digestive tract
blockagé® In addition, pollutants adsorbed on MPs and
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activated sludge process and a pilot-scale membralogv-density polyethylene (LDPE), and PP were smashed by
bioreactor; there are approximately 10° MPs discharged a grinder (IKA A 11 basic analytical mill) with 10 s operation
daily in the nal e uent?’” MP removal by adsorption or in every 10 min. All of the obtained particles viered by a
Itration is an eective way to relieve MP contamination, but 100 m stainless steel sieve followed by washing with ethanol
MPs still exist in the adsorbents/membrane and require furthand water several times. The MPs were then air-dried at room
treatments. Micromotors were also designed to remove MRamperature for 3 days before use. The ball milling is capable
via generating adsorptive bub®lest the e ciency needs to  to produce ner MPs than the grinder. The MPs from a facial
be further improved. Recently, advanced oxidation process&sanser were extracted by washing with ultrapure water several
(AOPs) have been applied in MP degradation in the aqueotisnes under magnetic stirring at 500 rpm for 24 h. The MPs
environment, utilizing diwer reactive oxygen species were ltered with 0.45m cellulose acetate (CA) membranes,
(ROS)?**° We innovatively coupled hydrothermal conditionswashed several times, and then air-dried for 3 days. The MPs
with persulfate-based AOPs to intensify the oxidation arfdom plastic bags (LDPE), plastic wraps (LDPE), and milk
mineralization eciency’’ It was shown that sulfate radicals bottles (HDPE) were made by cutting the products with
(SO, , E° = 3.1 V vs normal hydrogen electrode [NHE]) scissors into debris smaller than 5 mm.
have great capacity of degrading cosmetic polyethylene MPs=enton Oxidation Procedure. The oxidation was
On the other hand, Fentenreagent (F&H ,0O,) can performed in a 200 mL Ten autoclave at 14T in an
generate hydroxyl radical®ii, E° = 2.7 V vs NHE) to  oven. Overall, 1 g % certain types of MPs (UHMWPE,
degrade persistent organic pollutants with advantages of higbPE, HDPE, PS, poly(vinyl chloride) (PVC), PP, or PET)
performance, simplicity, and nontoxicity. this study, we  were rst dispersed in 150 mL of ultrapure water by magnetic
rst applied the intensid Fenton system to directly purify stirring vigorously at 1500 rpm for 10 min. To prevent the
MPs in water. In previous MP treatment, Fésiteagent was generation of iron sludge and facilitate the measurement of
usually applied as a fast andient method to isolate MPs weight loss and characterization of MPs, the solution pH was
from wastewatér and organic-rich matricésdy digesting  adjusted to the acidic conditioH*) = 0.2 M) using
organic compounds through oxidation. This process will ndydrochloric acid or sulfuric acid unless sgdigi mentioned.
signi cantly impact the properties of MPs at room temper+eSQ-7H,0 (4 mM) was dissolved in the solution, and 200
ature. The U.S. National Oceanic and Atmospheric AdmimaM H,0O, was then added into the autoclave to trigger the
istration (NOAA) also recommended to use F&teagent  reaction (room temperatlyefollowed by sealing and
to extract MPs from various environméngsrecent study  transferring the autoclave rapidly in a preheated oven. After
showed that Fent@reagent accelerated surface agir:lg of MP$ie reaction, the autoclave was cooled slowly to room
at room temperature, despite that the oxidation rate was lowtemperature in the oven. Then, MPs were collected by vacuum
In this study, werst coupled the Fenton reaction with a Itration with a preweighed 0.45n CA membrane. To
hydrothermal process for direct decomposition of refractofyrevent the corrosion of the membrane, the solution was
MP polymers in water. We analyzed the chemical, structurdiluted 10 times in advance. If the iron sludge was produced,
and morphological changes of MPs before and after thRe Iter residues were washed with hydrochloric acid (37%)
treatment by multiple characterizations and analyticay stirring at 500 rpm for 24 h, and then diluted heckd to
techniques. We found that both hydrothermal conditions angbtain the solid product. The product was dried in air for 3
Fenton oxidation played indispensable roles in MP removalys before weighing. The Fenton experiment was carried out
MPs experienced sigrant changes in carbon chain scissionin duplicates and the mean values are presented. Quenching
and formation of carbonyl groups. The performances of thexperiments were performed witteint concentrations of
integrated system toward eafient types of MPs were methanol (0500 mM). Blank and comparative experiments
evaluated. Experiments on real-life plastics and in real wafeénton reagents free and lower temperatures) were carried
matrices were also performed. In addition, the toxicity ajut accordingly. The oxidationaéency was evaluated with
degradation intermediates was evaluatedHssihgrichia coli  the following equatioreq )
(E. co)i as a probé®*’ The outcomes of this study will )
provide basis and inspiration for future research on . WS W,
optimization of Fenton or Fenton-like systems toward MP weight loss (%6 W, X 100% 1)
puri cation.

whereVW, is the weight of remaining MPs after the Fenton
reaction andl\; is the initial weight of MPs.

Pretreatment and Preparation of Microplastics. For MP Characterizations.The morphology changes of MPs
removal of the acid and hydroxy groups on the ultrahigtwere investigated by scanning electron microscopy (SEM, FEI
molecular-weight polyethylene (UHMWPE) MPs, a pretreatQuanta 450). X-ray daction (XRD) was carried out using a
ment is required. To be spegi2.5 g of MPs was added into Rigaku MiniFlex 600 X-ray iictometer. The functional
50 mL of 2 M aqueous NaOH and stirred at 500 rpm@® 40 groups and the molecular structures of MPs were examined by
for 24 h, followed by vacuutiration, and then washed with Fourier transform infrared (FTIR) spectroscopy (Nicolet 6700
ultrapure water until pH of thdtrate reached neutral. The Thermosher) and Raman spectroscopy (HORIBA LabRAM
obtained MPs were dried in air for 3 days before usédR Evolution) equipped with a green laser at 532 nm. The
Polystyrene (PS) MPs were obtained by ball-milling PS pellatkemical states of carbon and oxygen were obtained from X-
with a planetary mill (FRITSCH PULVERISETTE 7 with ray photoelectron spectroscopy (XPS) with M¥¥ay. The
zirconia balls and vials) at a low speed of 300 rpm overnightsize distributions of MPs were recorded by a Mastersizer 2000-
was set to operate for 2 min every 7 min to prevent highMalvern using ethanol as a solventer®ntial scanning
temperature damage to MPs. The pellets of poly(ethyler@lorimetry was carried out by thermogravimetric analysis-
terephthalate) (PET), high-density polyethylene (HDPE)di erential scanning calorimeter (T@$SC, Mettler Tole-
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Figure 1.(a) MP degradation performance of the Fenton system and (b) quenching experimentsremthadiounts of methanol
(experimental conditions:?Fe4 mM, HO,: 200 mM, UHMWPE MPs: 1 g 1, temperature: 14T).
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Figure 2.Weight loss of MPs under glient conditions: (a) pH value, (b) temperature, (&) ffee or HO, free, (d) F& concentration, (e)
H,0, dosage, and (f) MP loading (control conditior&: BenM; H,0,: 200 mM; UHMWPE MPs: 1 g t; hydrothermal temperature: £40)
time: 12 h).

do). MPs (2 4 mg) were placed in an aluminum pan with 50was added to an agar plate (containing §OmL !

mL min ! N,. The initial heating rate was°@min ! before streptomycin) and spread evenly over the surface. Afterward,

120°C, followed by 8C min ! between 120 and 180. The Iter papers that were rinsed limates for 24 h were placed

subsequent cooling rate was the same as the heating periggntly on the agar surface, which was then cultivatetCat 37
Toxicity Evaluation. The toxicity of the Itrates was  overnight. The size of the inhibition zone represents the

evaluated with a moed Iter paper disk methdd’ toxicity of the tested solution. Blarter papers rinsed in

Solutions for the toxicity evaluation were prepared by pMltrapure water and 1 mg mlampicillin were regarded as

adjustment to 7.8.0 and ltration. The bacterial strainf  Positive and negative control tests, respectively. The chemicals

coliwas thawed from a stock80 °C) and cultivated in the ~used and quality control are describedert Slof the

Luria Bertani (LB) Lennox medium with 5@ mL* Supporting Information (SI).

streptomycin at 37C overnight. Then, 0.5 mL of obtained

E. colivas mixed with 9.5 mL of LB Lennox media (containing RESULTS AND DISCUSSION

50 g mL *streptomycin), and cultivated at’87for 80 min MP Degradation Performance. Figure & shows MP

to reach its exponential phase (optical density at 600 nm wasnoval by the hydrothermal Fenton system. Inrshd h,

around 0.6). Subsequently, the solution was diluted 300 timgee weight of MPs did not change much. However, rapid

with the LB Lennox medium. About 0.1 mL of the inoculumdegradation occurred in %6 h, achieving 95.9% weight loss
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of MPs. The total organic carbon (TOC) value after the 12 tprecipitation of Fé and (2) promoting the formation of
reaction reached 104.0 mg!Land the corresponding hydroperoxide (CH, HCOOH CH, ), to favor oxidative
mineralization rate was 75.6% (Beet S2 and Table 51  hydrolysis of plastics.

Figure Sshows that MP degradation follows the psesto- Figure B shows the ect of hydrothermal temperature on
order kinetic model for the two stages. The reaction rat™P weight loss. When the temperature is lower th&i€140
constants in therst (0 4 h) and second stages (& h) there was almost no weight loss. However, once the

were 0.0058 0.0006 and 0.2990.009 h?, respectively. We hydrothermal temperature was elevated to °T40the
suppose that the initial stage 40h) did not directly cause decomposition eciency remarkably increased to almost
weight loss but sigeantly changed the structure/chemistry 90%, and 95.5% removal at A®0Interestingly, the melting
of MPs via breaking and unfolding the condensed molecymint of UHMWPE (Sigma-Aldrich) is 144. This suggests
chaing’ which is beneial for the subsequent radical that the eective oxidation did not initiate until the
oxidation in the second stage to decompose the segmentstemperature reached a certain point close to but not
To gure out the responsible ROS for the MP loss, radicalecessarily reaching the melting point of the polymer. We
quenching experiments were performed using methanol assappose that, when the environment temperature was lower
oxidation terminator due to its fast reaction rate "With than that temperature, the densely compact polymer chains
radicalsigure b). The addition of methanol showed distinct and low surface area of MPs hindered ROS attack and
retardation to the weight loss of MPs, and the increase okidation, resulting in a low removal rate. Once the reaction
methanol loading caused further inhibition of oxidation. Whereached a certain temperature, the carbon chain started to
the methanol dosage reached 500 mM, only 1.77% MP lastsetch and open, which increased the surface area of MPs. In

was attained. The radical quenching tests proveOtias addition, the higher temperature would facilitate radical
the primary ROS accounting for MP decomposition. generation both thermodynamically and kinefitalle

The impacts of reaction parameters on MP removal welsre Fenton system and bare 1@0experimentsHgure
evaluated under @rent conditions. As shownFigure 3, 2a,b) also evidence that the synergistict®f heat and Fe

the Fenton system wagetive at a Hconcentration between activation remarkably encad the radical generation
0.2 and X 10 *M (pH = 0.7 3), and the removal eiency e ciency. Therefore, a favorable high temperature is pivotal
decreased gradually as pH increased. Higher pH might leadrioMP degradation because it not only unfolds the densely
the direct hydrolysis of,8, and severe precipitation of'Fe  packed macromolecules but also accelerates radical production,
into amorphous ferric oxyhydroxides, which are consideralthereby signcantly intensifying the decomposition process.
less Fenton reactive, dramatically reducing the oxidativeThe in uences of Béand HO, dosages on the thermal
capacity of the systém® %° At 140 °C, the ionization  Fenton system were investigate&idore 2, over 40% MPs
product constant of water is 11 .7Awhich means the were removed without ¥e However, if Fé was added
concentration of hydroxyl iong@H )) roughly increased  without HO,, MPs barely decomposed. ThugD,Hwas
by 1G-3times (assumirggH *) is constant) compared to room indispensable in the thermal Fenton system, and the presence
temperature. Thus, the valueg@H ) at initial pH = 0.7, 1,  of F&" further boosted }D, activation antOH generation.
2, and 3 at 140C equal to those at pH = 3, 3.3, 4.3, 5.3, When F& concentration increased from 1 to 4 mM, more
respectively, at 2&. A higher concentration of OMould MPs were degrade@igure &). When the dosage ofFaas
facilitate the decomposition 0§04 into H,O and Q (eq above 4 mM (410 mM), the degradation rate only improved
S1),*?restraining ROS generation and eventually reducing Métightly. The overdosed®Feight further scavent@H due
oxidation capacity. In contrast, a higher concentratioh of Ho its reductive nature. Althoughsituquanti cation of F&
will drive MP oxidation to form hydroperoxideCH, and Fé&" will help reveal the mechanism, such an evaluation is
HCOOH CH, ), which then splits into new free oxy hardly performed under hydrothermal conditions. In terms of
radicals (CH, HCO® CH, ), and*OH, respectivelye@s H,O, dosage, MP weight loss increased along with the
S2 and 93 Hydroxyl radicals, in turn, attack MPs and increased level of,8, from 50 to 300 mM Kigure 2).
promote degradation. However, at a pH value lower than 1, thiowever, the eciency dropped when the excess amounts of
MP decomposition rate slightly decreased. This might be di&0, (400 500 mM) were introduced. Overdose®will
to the fact that an ultrahigh concentrationofiiht further ~ compete with MPs to react wiH viaeq S5 Therefore,
quench’OH to form HO (eq S¥, consuming ROS and the optimal dosages offFand HO, are 4 and 300 mM,
decreasing the oxidation capacity of the Fenton $y&tem. respectivelfrigure  shows the MP removal capacity of the
Therefore, under hydrothermal conditions, the optimal initisthermal Fenton system. When the system containdds0g5
pH value of the thermal Fenton system should be more acidic* MPs, the degradation @ency stabled at ca. 87%. When
than the ambient environment (pH of42. the MP dosage was increased to 2!gthe weight loss

The high-concentration protons (0.2(M*)) may patrtially dropped to 66.9%. Insaient F&" and HO, should account
destroy polymer structures, but they are not the main drivirfgr the lower eciency at a high MP concentration due to the
force for the signiant degradation in the Fenton system.lack of OH.%®
Moreover, the thermal Fenton system showed a better We compared the thermal Fenton system with other typical
e ciency using hydrochloric acid to adjust the acidity thahomogeneous systemsFigure S2Compared with SO-
that using sulfuric acid. This implied that the presence of Cbased systems using peroxymonosulphate (PMS) or persul-
accelerated the degradation of MPs. The chlorine ions woypthate (PDS) as the parent peroxides activated by base or
react with HO, and” OH to produce chlorine radicals’ (&P metals, the Fenton reaction exhibited a higleéercy in MP
=2.41V vs NHE and Cl, E° = 2.09 V vs NHE), which are degradation. Apart from UHMWPE, the thermal Fenton
also oxidative and would contribute to MPs degradatiorsystem was also used to degrade other types of microscopic
Overall, H will facilitate Fenton-based MP degradation in twaplastic polymers (e.g., PP, PET, HDPE, PVC, LDPE, and PS),
possible aspects: (1) preventing hydrolysis ,0% ldnd as shown inFigure a&. The acidic environment has no
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Figure 3.Weight loss of dérent types of microplastics (a) after thermal-assisted Fenton treatment and (b) thermal treatment with 0.2 M H
(experimental conditions:?Ee4 mM, HO,: 200 mM, MPs: 1 g £, temperature: 14T).

Figure 4.SEM images of MPs experienceerdnt durations of Fenton oxidation: (a) 0 h, (b) 2 h, (c) 4 h, (d) 6 h, (e) 8 h, and (f) 12"t4(Fe
mM, H,0,: 200 mM, UHMWPE MPs: 1 g 1. temperature: 14T).
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Figure 5.FTIR spectra of MPs experienceemint durations of Fenton treatment: (a) transmittance spectra of pretreated and 12 h-treated MPs
and (b) absorbance spectra of MPs afté2( treatments (experimental conditions: BemM, HO,: 200 mM, UHMWPE MPs: 1 g 1,
temperature: 14TC).

hydrolysis eect on most of the plastics (HDPE, PVC, LDPE,that of LDPE may be attributed to the higher density and
PP, and PS) under hydrothermal conditiigu(e B8). As fewer branches of HDPE, which require a longer activation
for HDPE, LDPE, PS, and PP, 90% weight loss was attain@ue for chain stretching and opening. Almost no oxidation
after the reaction. The lower degradation rate of HDPE thaappeared for PVC at 14C, but the weight loss reached
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28.3% at 160C. The weight of PET was reduced by 35.0%carbonyl groups increased the, Qidak intensity of the
after the oxidationF{gure &), while 24.8% PET could be adjacent methylene grddp’ Therefore, it is dicult to
decomposed with 0.2 M Kvithout F&'/H ,0,), as shown in  qualitatively analyze the changes in the number of methylene
Figure B, indicating the low reactivity of PET with Féston and methyl groups. However, the peaks representing CH
reagent. This can be attributed to the high melting point ofymmetric deformation at 1372 &mose as oxidation
PET, which is above 22&. On the whole, the thermal continued, which demonstrates the breakup of carbon chains
Fenton system is ective to treat most types of MPs that are and increased exposure of,@fter oxidation. In addition, by
commonly detected in the environment. comparing the bond positions atedént time intervals, all

MP Characterizations Before and After Thermal vibrations related to G shifted to higher positions except
Fenton Processes.Figure 4shows the morphological the peaks of out-plane ©Hbrations, and the peaks of O
changes of MPs after glient time spans of the Fenton and C O C shifted to lower frequencies. This phenomenon
reactionFigure 4 shows the original MPs before reactionsmay be caused by the substitution of functional groups along
After 2 h of Fenton treatmerffigure #), MPs started to  the carbon chaifis. Specically, the frequency of methyl
aggregate into larger pieces. When the reaction proceeded foisdally increases when the associated carbon atom connects to
h (Figure 4), MPs were fused intat layers and small holes oxygen, and CC bonds tend to lower the frequency of
appeared on the surface, which was caused by the Fentabonyl groups due to the conjugaeets’® Moreover, we
oxidation process or MP contraction upon cooling to roontan qualitatively assess the crystallinity of MPs by analyzing the
temperature. After 6 h of oxidatidfiglre 4), a few larger ~ peaks at 1473 and 1463 &nmaccording to the empirical
holes (up to 10m) emerged on the rough surface, indicatingequation given belowed 9°?
that MPs were decomposed, which corresponds to the (1 §1/1y1.233)
apparent weight loss after 6 h treatment showigume 1 X= - x 100
Larger cavities were found on the plastics as the treatment time 1+ 1/l )

increased to 8 h(gure €). When it comes to 12 h, the MPs \\herexX is the percent fraction of amorphous material,and
were fragmented into smaller particiesu(e #). However, — anq | are the intensity of peaks 1473 and 1463, cm
due to the MP aggregation in thist 4 h, a large number of ~egpectively. IRigure S5ahe intensity ratio 6f 1, decreased
fragmented residues were still larger than the original particlegs; thermal Fenton treatment, and thus the amorphous
(Figure S3g8)bSEM images with larger scales are shown iBgrtion of MPs was augmented. This may be caused by the
Figure S4o show the full picture of the aggregated particlesaggition of oxygen atoms, which would increase the steric
FTIR analysis was performed to observe the changes in fygdrance and hinder the carbon chain from aligning orderly
chemical property of MPs after the oxidafiogufe 3. The 5 hydrogen bonding, giving rise to decreased crystallinity of
peaks at 2915 and 2847 tmorrespond to the asymmetric MPs. The red shift of carbony! stretching at 17053 cm?!
and symmetric stretching vibrations of the, @up,  eyidences the formation of a hydrogen bond, and the
respectively, and the peak at 421?71 capresents the rocking  consequent lower crystallinity also complies with the previous
deformation of CH (Figure 8). The peaks at 1473 and study>®
1463 cm' represent the bending deformation of, @hd For the structural changes due to Fenton oxidation, DSC

CHj,, respectively. The broad peak in the range of 3600 \yas carried out to calculate the changes of crystallinity. The
3300 cm* stands for the stretching vibration oHDand the degree of crystallinity is ded as followsz(] 3°*

broad peak below 2915 and 2847!cdoetween 3000 and
2500 cm® represents the G4 bond in the carboxylic X.= H{(T/ HET] ©)
group?®*® The peak that emerged at 1706 ‘cafter the

reaction contributes to the stretching vibration of th©C : :
g . ; the enthalpy of fusion measured at melting tempeigture,
group in the carboxylic acid or ketone moieyother new and HY(T0) is the corresponding enthalpy of totally

peak at 1165 crhstands for the stretching vibration of C crystalline UHMWPE, which usually is 293 1§°gThe

46 H .
0. More details of each bond and the correspondlngbsc curves of MPs after @lient time spans of oxidation are

frequency changes are givefiaibles 52 and 53 shown inFigure Spand the calculated degree of crystallinit
In compgrispn with the untreated !FFg(Jre 5), MPs after increased getween Oand 2 h, as show:mgle 1Whez the Y
Fenton oxidation showed several signt changes in FTIR. '

Specically, the peak Intensity .Of both O and .C O groups T?ble 1. Calculated Results from DSC Analysis
appeared and dramatically increased during the treatment,

whereX; is the degree of crystallinity in weightl(T) is

while the peak of @ C in carbon branches did not appear time (h) 0 2 4 6 8
at 1103 cmt until being oxidized for 6 h. The broad peak enthalpy (J d) 218 236 152 44.4 11.1
between 3600 and 3300 émepresents hydroxyl groups with crystallinity (%) 74.4 80.6 519 15.2 38

hydrogen bonds. It is also reported that the broad peak

between 3000 and 2500 érand the strong peak at 1410

cm ! can certify the existence of carboxylic acid ¢roTips. system cooled slowly from the hydrothermal condition (140
appearances of the abovementioned oxygen groups indica®g, the more stretching carbon chains at the second hour are
oxidation of MPs during the thermal Fenton treatment. Thegerone to align orderly to form a crystalline phase instead of an
oxygenated groups have been reported to accelerate Hraorphous phaseAlso, the ruptures of carbon chains in the
degradation of MPs because the hydroxyl groups are mamorphous phase usually facilitate the formation of a
facile to be oxidized bH.*° In terms of CHbonds at 2915  crystalline phase due to the chemicrystallization process.
and 2847 cmi, despite that they seemed to experienceThus, the crystallinity increased in tts¢ 2 h. At this stage,
extraordinary changes after oxidation, the bro&t p@ak the level of generated carbonyl groups was not high enough to
under these peaks increased the baseline and the additiorinbérvene in the crystallization process. On the other side, the
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Figure 6.(a) XRD patterns of treated and untreated MPs, (b) calcdispating of MPs after dient times of Fenton treatment, and Raman
spectra of MPs after Fenton treatment at (c) 15000 cm® and (d) 3000 2750 cm? (FE*: 4 mM, HO,: 200 mM, UHMWPE MPs: 1 g1,
time: 12 h, temperature: 1%0).

crystallinity decreased from 2 to 8 h. During this process, theRaman spectra were recorded to analyze the molecular
oxidation somehow prohibited the crystallization, whiclstructures of MPs, such as the degree of crystallinity and
re ects the increased irregularity of carbon chains caused dgnsity during the degradation process. The full-range surveys
the additional carbonyl groups. Thus, the decreased cryswai-MPs after derent stages of oxidation are displayed in
linity between 2 and 8 h indicates that the newly formedrigure S,7and corresponding assignments of Raman bands are
carbonyl groups inhibit the recrystallization process due to tkemmarized imable S4According td-igure @, in the CH

steric hindrance. bending region, the intensity ratio of the, Q¢tystalline)

XRD patterns of the crystal structures of MPs during theending vibration at 1416 chvs the CH (amorphous) at
oxidation are shown ifigure @,b to monitor the changes in 1439 cm® became lower after the thermal Fenton process.
the crystal structures of MPs over time. Both the MPs befoikhis lower intensity sigeis the inferior degree of crystallinity,
and after Fenton treatment have two main characteristic peaksjch also implies the lower density of MM#is result is
which correspond to the (110) and (200) ewtions, consistent with the previous report using peaks at 1416 and
indicating the orthorhombic structure of crystal PE poRfiners.1439 cm'® to determine the crystalline and amorphous
Compared to the untreated MPs, lower peak intensities phaseS' ®° Similar conclusions can be obtained in the CH
treated MPs indicate a decreased degree of crystallinity, whittretching regiori=(gure @). The increased intensity ratio of
consents to the DSC results. For the (11@Gcteon, after a  the symmetric CHstretching mode at 2847 dnvs the
time span of reaction, the peak shifted from 21.74 t8.21.62asymmetric Ciistretching mode at 2882 crnunveiled the
According to Bragglaw, the interplanar spacing of the (110) lower density of MPS.Compared with the untreated MPs,
and (200) reections gradually increased from 4.09 to 4.11 MPs that experienced a 12 h Fenton reaction exhibited lower
and from 3.69 to 3.74 A, respectively, at extended reactipeak intensities of all forms of Qkbration Figure 6,d),
time. The increase in interplanar spacing was caused by thdicating the decreased number of @idups. This can be
formation of carbonyl or hydroxyl groups on the sides ddiscribed to the breakup of carbon chains and the substitution
carbon chains. When the temperature cools to roomf hydrogen by oxygen during oxidation. In addition, a new
temperature after the reaction, the carbon chains tend fmeak emerged at 1740 érafter the reactionF{gure S7)%
fold together and reform ordered regidnBuring this which represents the stretching vibrations of carbonyl
process, the newly formed carbonyl groups, as revealed gogups> Compared with the FTIR spectra, the @ peak
FTIR inFigure Swould restrain the stretched carbon chains tds unnoticeable because the signal of the carbonyl group is
form compact structures due to the steric hindrance, thugpically weak in Raman spectroscopy. This phenomenon
increasing the interplanar spacing and ultimately decreasindicates the generation of © and oxidation of MPs, which
the proportion of the crystal phase. In addition, the formatiors in good agreement with the results of FTIR. The appearance
of oxidized carbon segments due to the scissoring of o the peak at 904 cfafter Fenton treatment demonstrates
macromolecule may also contribute to the larger interplantrat a small number of broken carbon chains were formed after
spacing. oxidation Figure S7c°*
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Figure 7.Toxicity evaluation results of solutions: (a) ultrapure water, ampicillin, 0 and 12 h leaigtiand (b) 2, 4, 6, and 8 h reaction
Itrates.

Figure S&hows the XPS survey of original MPs, pretreatedomparing the FTIR spectfadure S5 the broad peak at
MPs (initial), and 8 h Fenton-treated MPs. The pretreated200 1000 cm?® disappeared after NaOH hydrolysis,
MPs showed C 1s and O 1s peaks with corresponding conteirtdicating that NaOH would react with the oxygen-containing
of 89.2 and 10.8 at. %, respectively. In contrast, the oxyggmups on MPs, which is consistent with a previous study that
content in MPs increased to 19.8 at. % after 8 h oxidatioNaOH reduced the oxygen content and removed carboxylic
which agrees with the outcomes of FTIR and Raman. Thacid group8® Therefore, the polymer carbon chains
increased O/C ratio indicates the higher hydrophilicity ofxperienced reduction reactions with NaOH, and the reduced
MPs®® Furthermore, the C 1s peaks weted into four oxygen may slow down the initial rate of oxidation. The
components with peaks at 284.5, 286.3, 287.3, and 289.0 pxgsence of oxygen-containing groups can increase the
corresponding to the carbons inC;C OH/C O C,C hydrophilicity of MPs, thus enhancing the contact reaction
0, and O C O, respectively. After thermal Fenton treat-with ROS%** Also, the existence of oxygen may contribute to
ment, the contents of ®H/C O C and OC O the formation of oxygen-containing radicals such as CO
distinctly increased after the reaction. However, the pedtertiary alkoxy radicals), which will, in turn, attack the
area of C O slightly dropped after Fenton oxidation. polymer and cause chain breakd&wnsimilar phenomenon
Combining the results of FTIR spectra showridare 5 was observed in XPS speckigure SB The total oxygen
the C O peak that emerged at 1706 trwas mainly  content was distinctly reduced from 16.3% to 10.8 at. % after
ascribed to carboxylic acid or ester instead of a ketone moigtgetreatment. According to the C 1s peak deconvolution, the
or an aldehyde group. The results suggest that oxidaticontents of all forms of carbaxygen bonds decreased by
prefers to occur at the ends of carbon chains to form carboxytiertain degrees. This proves that the higher incipient oxygen
acid. Considering the slight reduction of theéd(peak inthe  content has a promotioneet on thermal Fenton oxidation.
XPS analysis, the ketone moiety formed on the carbon chairinsaddition, XRD demonstrates the structural change caused
susceptible to be further oxidized into an ester or a carboxylig NaOH hydrolysis§gure ). Thed-spacing of both (110)
acid group via QC bond scission. There was no C peak and (200) decreased from 4.085 to 4.077 and 3.690 to 3.675 A
detected in the XPS survey, which agrees with the tiny Rameifter the pretreatment, respectively. Considering the results of
peak at 1640 crh(Figure S7p*° The small amount of CC FTIR and XPS, the decline in the oxygen content after
indicates that the double bond may experience furthdrydrolysis will cause a more compact crystalline structure of
oxidation or oxidative cleavage into small molecules. MPs. Therefore, the greater crystallinity may be another reason
addition, due to the presence of HCI, chlorine radicals witfor the inferior oxidation of the pretreated samples because a
mild oxidation potentials might be produced and cause surfdoager treatment time is required to fully extend the polymer
chlorination of MPs or chlorinated byproducts. However, noarbon chains, which reduced the valid time for ROS to attack
obvious peak for the Cl elemen2Q0 eV) was observed in the macromolecules. Thus, NaOH pretreatment iscisdrie
the XPS spectraFigure S10£* So the chlorinated MPs  photoreforming of PET but not in thermal Fenton oxidation of
might not exist or surface chlorinated groups are at a trace lelIMWPE.
below the detection limit. Performance in Real Water Matrices and Daily-Life

E ects of Pretreatment with NaOH. NaOH can react MPs.To investigate the inence of the water matrix, we also
with oxygen-containing groups on PE to obtain pristin@MPs.carried out MP degradations in tap water, river water, and
The absence of functional groups will help to investigate tleeawaterHigure SP All of the three matrices have limited
behaviors of unaged MPs. Also, in a previous &t(tigh- inhibitory eects on the degradationa@ency, indicating the
concentration NaOH was utilized for pretreatment of plastichjgh adaptability of the thermal Fenton system for treating
which successfully increased the photoreforming performankt®s in natural water bodies. Interestingly, MP degradation in
The NaOH hydrolysis generated monomers of ethylene glycedawater was faster than ultrapure water, which may be
from PET as a reactant for photoreforming to enhance thascribed to the chlorine-based radicals formed in seawater of
initial rate of H production. The performance comparison ofhigh salinity. The oxidation of typical real-life plastics was also
thermal Fenton oxidation with and without pretreatment i®valuatedHigure S10 For the plastic beads in facial scrub
shown inFigure &. Compared with the original MPs, the (LDPE), plastic bags (LDPE), and wrams (LDPE), the
weight loss of the pretreated MPs slightly decreased by 5%.d&gradation eciency can reach above 85%. But the thermal
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Fenton is not eective to the debris from a milk bottle
(HDPE). Some additives such as plasticizers, stabilizers, andgypporting Information
antioxidants are added to commercial plastics to increase thgie Supporting Information is available free of charge at

stability and make them more stubborn to defifade. hitps:/pubs.acs.org/doi/10.1021/acsestengg. 1c00323
Therefore, the derences in MP deformation might be caused

by the texture, surface area, additives, and melting points.
Toxicity Evaluation. During MP degradation in thermal order kinetic tting of the system: degradation of MPs

Fenton processes, various hydrocarbon intermediates may be ,.:h PMS and PDS homogeneohs systems; degradation

generated in the solution. Thus, the potential risk of the e ciency of dierent types of MPs; size distribution of

Calculation of the mineralization rate; equations of
H,0, quenching and plastic decomposition; tse

resulted solution was evaluated vitea paper disk method the MPs and cavities appeared on the MPs after
usingE. coliThe growth oE. colin agar plates is shown in degradation; FTIR spectra, DSC f[@®, Raman spectra,
Figure 7 Normally, if the inhibition zone appears around and XPS surveys of MPs; degradation performance
ampicillin, the growth &. colis restrained, which implies that under real-life water bodies; degradation performance
the substance irter paper is toxic or unfavorableHocoli toward real-life MPs; toxicity evaluationltohte; and
growth. Thus, the absence of the inhibition zondtfates band assignments of FTIR and Raman speéi (

obtained after dérent hours of Fenton treatment indicates
that the ltrates are benign 1. coligrowth®®*” In other
words, the intermediates generated during Fenton treatme@&rresponding Authors

are nontoxic td. coli Notably, before commencing toxicity Xiaoguang Duan School of Chemical Engineering and

tests, pH neutralization was required. Such a process would Agyanced Materials, The University of Adelaide, Adelaide,
result in slight iron sludgecculation that might contain some SA 5005, Australi; orcid.org/0000-0001-9635-5807
intermediates, which also reduced the toxicity oftthte. Email:xiaoguang.duan@adelaide.edu.au

Environmental Implications. In an aqueous environ- Shaobin Wang School of Chemical Engineering and
ment, MPs can cause potential physical injuries to micro- Advanced Materials, The University of Adelaide, Adelaide,
organisms and act as carriers of detrimental pollutants. Even SA 5005, Australie; orcid.org/0000-0002-1751-9162
though current advanced WWTPs can retain over 98% MPs, Email:shaobin.wang@adelaide.edu.au
extremely large quantities of MPs are still released into Wa}gur

bodies. Eective technologies including microwaves, biode- Kunsheng Hu School of Chemical Engineering and

grqdaﬂon, and photocatz_ilysw are either mamly focused on Advanced Materials, The University of Adelaide, Adelaide,
solid-state plastics or sting from low degradation rates. SA 5005. Australia

E ective MP remediation strategies in an agueous environ—peng Zhou College of ArchitecrEnvironment, Sichuan
ment are critically required to keep water security from MP  ynjyersity, Chengdu 610065, P. R. China

pollution. This work integrated Ferisomeagent and a Yangyang Yang School of Chemical Engineering and
hydrothermal condition for eient degradation of MPs in Advanced Materials, The University of Adelaide, Adelaide,
water. The synergisticeets of Fentds reagent, protons, and SA 5005, Australia

hydrothermal conditions promoted the degradation of MPs Tony Hall School of Sciences, The University of Adelaide,
with di erent textures and particle sizes. Thus, the hydro- Adelaide, SA 5005, Australia

thermal Fenton process can be integrated into the tertiary Gang Nie Department of Environmental Science and

treatment in WWTPs to simultaneously remove trace-level Engineering, Wuhan University, Wuhan 430079, P. R. China

; ; : ; Yu Yao School of Chemical Engineering and Advanced
MP Il hich
s, organic pollutants, and microorganisms, which cannot ™y, -/ "y o (iversity of Adelaide, Adelaide, SA 5005,

achieved by solid-state-based technologies. In this study, a two- Australia

stage oxidation process was found for UHMWPE oxidation,

where MPs extended their carbon chain inrtestage and  Complete contact information is available at:
started to decompose to generate a large numbei@&6d https://pubs.acs.org/10.1021/acsestengg.1c00323
C O groups in the second stage. Operation temperature that

is close to the melting point of the MPs is vital for carbo . .

chain extension. The degree of crystallinity and densg?;'e authors declare no competingnial interest.
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 degralfé® authors acknowledge theancial support from the
common petroleum-based plastics (PP, PVC, and PS). To Plitrae“sageggﬁiaracchkn%(\;vﬁggge(sDPPZr(())?1(Ei2n06%e[ar;leadf((j)lrlor?i,s
Qellght, the sy_stem was a}lsecave n MP removal_s n reall-. rofessional assistance Hn coli cultivation for toxicity

life water bodies. The discovery in this study is of critic valuation.

importance to current MP removal strategies as it has the

virtue of high eciency, low toxicity, andestiveness in an

agueous environment. Future research opportunities can ‘f) PlasticsEurope Plastics the Facts 2020. An analysis of
the development of Fenton-like systems for MP remediati ropean plastics production, demand and Wa:sﬂettuma/www.

with greater applicability with a broader pH working window|asticseurope.org/en/resourceblmations/4312-plastics-facts-
lower reaction temperature, and reduced oxidant usage. 2020(accessed June 25, 2021).
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