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ABSTRACT: Wastewater treatment plants (WWTPs) represent a pathway for microplastics (MPs) to enter the environment,
through direct discharge via effluents into surface waters or indirect release via sewage sludge applied to agricultural soils. This study
demonstrates the effectiveness and safety of an O;/H,0, process for aging polyethylene microplastics (PE-MPs) directly within a
complex UASB reactor effluent. A characteristic FTIR peak at 1714 cm™! confirms the formation of carbonyl groups, which indicates
that the treatment caused significant surface degradation under optimal conditions (52.00 mg L™ O and 100.00 mg L™" H,0, for
110 min). Crucially, the byproducts produced showed no acute toxicity to Artemia salina, demonstrating that the process was
environmentally sound. Additionally, thermogravimetric analysis (TGA) revealed a counterintuitive increase in the polymer’s
thermal stability, suggesting complex structural reorganization potentially driven by the removal of low-molecular weight fractions or
cross-linking. Treated PE exhibited increased thermal stability, increasing from 436.18 to 449.35 °C, indicating that the remaining
fragments are more thermally resistant and could therefore alter their subsequent fragmentation behavior. This work, therefore,
validates a robust and safe strategy for MP remediation in realistic scenarios.
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1. INTRODUCTION industrial sources, including textile fibers, microbeads from
The remarkable versatility of plastics has led not only to their personal care products, and particles from tire wear," "' a
widespread use but also to alarming accumulation in aquatic single facility can release approximately 65 million microplastic

environments, with projections indicating that 250 million tons
of plastic waste will contaminate water bodies worldwide by
2025.) This waste fragments into microplastics (MPs), treatment sludge, creating a risk of transfer to terrestrial
particles smaller than 5 mm, which pose significant risks to environments via agricultural application,'® while landfill
their environmental persistence and potential for bioaccumu-
lation.”™* Studies confirm that PE-MPs can induce significant
tissue damage in aquatic organisms, such as gill inflammation
in fish, and may also enhance ecotoxicity by acting as vectors
for emerging pollutants and heavy metals.”

Wastewater treatment plants (WWTPs) represent a primary
pathway for MPs entering aquatic environments,”° since these
facilities are not explicitly designed to remove such pollutants’
WWTPs receive a constant influx of MPs from domestic and
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particles daily."””~"> Furthermore, retained MPs accumulate in

leachates provide another contamination source to
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Figure 1. Location and sampling point of the effluent used in this study. Satellite image of the Los Angeles Municipal WWTP (red outline).

WWTPs.'” The development of effective remediation
technologies for MPs in WWTPs is still an emerging field."®

Current strategies for MPs removal present challenges: in
drinking water treatment plants, filtration units such as rapid
sand filters or microfiltration membranes, although primarily
designed to remove suspended solids and residual particulates,
have been reported to subject MPs to mechanical stress caused
by shear forces, turbulence, and hydraulic surges. Under such
conditions, larger microplastics can fragment into smaller
particles, often < 20 pm, thereby increasing the proportion of
fine MPs in the treated water."” Biological degradation,
although demonstrated for specific bacteria and fungi,””*" is
generally too slow for practical, large-scale applications. To
address these gaps, advanced oxidation processes (AOPs) have
emerged as a promising alternative. AOPs, which generate
highly reactive hydroxyl radicals (HO®), are effective for
degrading a wide range of recalcitrant pollutants, including
pesticides,zz’23 phalrmalceuticals,24_27 endocrine-disrupting
compounds,”™ MPs,” and others.””>" These processes offer
key advantages, such as rapid reaction rates and the potential
for complete mineralization, making them versatile and
practical remediation technologies.”””’

Among AOPs, ozone-based methods have been reported as
particularly effective. Ozone (O;), especially when combined
with hydrogen peroxide (H,O,), has been shown to enhance
the generation of HO® radicals.”® These radicals initiated
oxidative reactions by attacking the polymer backbone, thereby
promoting chain scission and fragmentation, as well as the
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formation of oxygen-containing functional groups like carbon-
yls and hydroxyls.**"*® The presence of these groups, in turn,
increased the hydrophilicity and reactivity of the polymer
surface.””*® However, a critical gap has remained in the
literature, since most AOP studies on MPs utilize simplified
matrices such as deionized water, failing to account for the
complex interactions present in real effluents.””*** This issue
resulted from matrix complexity, including the presence of
dissolved organic matter, humic substances, inorganic ions, and
potential radical scavengers, which could both inhibit the
generation of HO® and reduce the aging effects on MPs, as
these radicals might react with other species present.*”*"

Polyethylene microplastics (PE-MPs) were selected as the
target material in this study due to their widespread occurrence
in wastewater and both marine* and freshwater environ-
ments.”'® To address this, the aging of PE-MPs was
investigated in the present study through an O;/H,0,
treatment applied to real effluent from an Upflow Anaerobic
Sludge Blanket (UASB) reactor. A factorial experimental
design was employed to optimize the process conditions, while
MPs were characterized by using analytical techniques,
including Scanning Electron Microscopy (SEM), Fourier-
Transform Infrared Spectroscopy (FTIR), and Thermogravi-
metric Analysis (TGA). Additionally, Artemia salina ecotoxicity
assays were conducted to comprehensively evaluate both the
treatment efficiency and its environmental safety.

https://doi.org/10.1021/acsestwater.5c00773
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2. MATERIALS AND METHODS

2.1. Reagents. Polyethylene microplastics (PE-MPs; =~
600 pm, pellets, natural white, additive-free) were purchased
from Bianquimica (Sao Paulo, Brazil). Hydrogen peroxide
(30% v/v, Vetec), sulfuric acid (98%, Dinimica), sodium
hydroxide (99%, Merck), potassium iodide (99%, Vetec), and
potassium dichromate (99% Dinamica). Ultrapure water
(conductivity <0.05 uS cm™ at 25.00 °C) from a Gehaka
DGS00 UF system was used in all experiments.

2.2. Effluent Characterization. The effluent used in the
experiments was collected from the outlet of a UASB reactor at
the Los Angeles Municipal Wastewater Treatment Plant
(WWTP) in Campo Grande, MS, Brazil (20°33'27"S,
54°39'24"W; Figure 1). The plant treats 1100 L s,
responsible for treating about 90% of the effluent generated
by the municipality, including drainage and sewage, as well as
leachate produced by the municipal landfill with an average
flow rate of 5.05 L s™}, corresponding, throughout the day, to
1.0% of the total effluent of municipal sewage and discharges
to the Anhandui River (Class IV).

Table 1 shows the physicochemical parameters evaluated for
the characterization of the effluent. All parameters were

Table 1. Physicochemical Characteristics of the Post-UASB
Effluent

physicochemical release limit
parameter” method unit value standard”
temperature - °C 27.20 + 4.40 <40.00
pH 4500 B - 7.00 £ 0.50 6.00—9.00
turbidity 2130 B NTU 28.50 + 12.00 -
total nitrogen 4500 C mgL™' 2110 + 3.20 -
nitrite 4500 B mg L 240 + 1.30 -
nitrate 4110 B mg L' 2.80 + 0.80 -
ammonia 4500 B mg L' 440 £ 1.20 20.00
nitrogen and C
total phosphorus 4500 BS  mg L™ 4.40 + 0.90 -
and
4500 E
total solids 2540 B mg L' 674.00 + 122.70 -
CoD 5220 B mg L™ 338.50 + 8.00 -
BOD 5210 B mg L™ 68.90 + 40.00 <120.00
TOC - mgL™'  26.00 + 1.30 -

“n = 14 samples corresponding to independent monthly collections
over a 14-month period. Each sample was collected at the WWTP
outlet and preserved by refrigeration (~4 °C). Values represent raw
means of the 14 independent measurements, with the standard
deviation reflecting temporal variability across months. No statistical
test for sample homogeneity was applied, and no outliers were
excluded. TOC = total organic carbon. COD = chemical oxygen
demand. BOD = biochemical oxygen demand. bDischarge limit values
for class IV rivers.** No limits are established for turbidity, total
nitrogen, nitrite, nitrate, total phosphorus, total solids, COD, or TOC.

determined according to the Standard Methods for the
Examination of Water and Wastewater."

The post-UASB reactor effluent was chosen as the most
suitable point for the application of AOPs before discharge,
allowing the assessment of whether induced aging promotes
physicochemical changes in PE-MPs that enhance their
biodegradability and reduce their environmental persistence.

2.3. Aging Experiments. The aging of PE-MPs was
carried out using ozone (O;) and a combined ozone/hydrogen
peroxide (O3/H,0,) system. Each experimental run consisted
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of a 300 mg suspension of PE-MPs in 300 mL of either
ultrapure water or post-UASB reactor effluent. The effluent
was used directly as collected, without filtration or any other
pretreatment.

The experiments were conducted in a 500 mL glass beaker.
Mixing was achieved by bubbling ozone vigorously through a
fine-pore diffuser (Figure S1 and S2, see Supporting
Information), ensuring homogeneous contact between the
particles, oxidants, and the aqueous matrix. Ozone was
generated in situ from industrial-grade oxygen using an
ozonizer (0&L 10.0 RMSO2, OZONE & LIFE). The ozone
concentration range in the aqueous phase (34—52 mg L™") was
based on oxygen feed rates of 0.5—1.5 L min~".

For the aging experiments conducted with the O;/H,0,
process, H,O, was added at the beginning of the reaction. The
investigated H,0, concentration ranged from 30.00 mg L™ to
100.00 mg L™, based on preliminary and previous studies.”***
The experiments were conducted without pH adjustment in
either ultrapure water or effluent (pH 7.00 + 0.50 for the post-
UASB reactor effluent; Table 1), as initial tests indicated
negligible variation between acidic and neutral conditions
(ATOC = 0.02 mg L™").

At the end of each aging experiment, PE-MPs were
recovered for FTIR, SEM, and TGA analysis. Recovery was
performed by filtration using qualitative filter paper (pore size
4—12 pum, 80 g/m”). The recovered solids were dried in a
desiccator at room temperature for approximately 48 h. To
monitor the aging process, PE-MPs were sampled at
predetermined time intervals (0, 10, 60, and 110 min). The
release of soluble organic compounds from PE-MPs during
aging was tracked by total organic carbon (TOC). For this
analysis, collected aliquots were filtered through a 0.22 pm
PTFE filter, and the filtrate was analyzed using a Shimadzu
TOC VCPN analyzer. The change in TOC (ATOC) was
calculated as TOCg,,; - TOC, 40 Where TOC, ) corresponds
to the TOC measured at t = 0 (immediately after PE-MPs
addition and before oxidant introduction), and TOCyg,,, is the
TOC measured at the end of the reaction time. This ATOC
value represents the increase in filtered, nonvolatile organic
carbon.*® A calibration curve was prepared using potassium
hydrogen phthalate (CgH;O,K) over a range of 2.00—100.00
mg L7/, yielding the equation TOC = (Area -1.2919)/0.42067
with a coefficient of determination (R*) of 0.9998. The
method provided limits of quantification (LOQ) and detection
(LOD) of 0.18 mg L™" and 0.05 mg L', respectively, with a
measurement precision of + 2%.

The optimized variables were then applied to the post-UASB
reactor effluent to carry out the characterization of PE-MP
aging by FTIR, SEM, and TGA.

The residual dissolved ozone concentration (mg L™ was
quantified using the iodometric titration method. Aliquots of
the reaction mixture were bubbled into a 0.10 mol L7*
potassium iodide (KI) solution under acidic conditions. The
liberated iodine was then immediately titrated with a
standardized 0.10 mol L™ sodium thiosulfate (Na,S,0;)
solution, using a 1.0% (w/v) starch solution as the indicator.
Thiosulfate consumption was converted into dissolved ozone
concentration based on reaction stoichiometry. All titrations
were performed immediately after each experiment to estimate
the dissolved ozone available during the aging processes.**”

2.4. Factorial Design. A 2° full factorial design with a
central point was conducted in ultrapure water. This design
allowed optimization of the O;/H,0, dose and reaction time,

https://doi.org/10.1021/acsestwater.5c00773
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maximizing the ATOC response attributable to MP
aging.”**** The experimental design included three in-
dependent variables: H,0, concentration (mg L7'), O,
concentration (mg L"), and reaction time (min). The design
consisted of eight factorial points and a triplicate of the central
point, for a total of 11 experimental runs performed in
randomized order. TOC was measured for each experimental
run. The variable ranges were as follows: H,0,, 30.00—100.00
mg L™}, 05, 34.00—52.00 mg L~} and reaction time, 10—110
min (Tables S1 and S3, see Supporting Information). To
quantify the extent of microplastic degradation, TOC was
monitored throughout the ozonation process. Before each
experiment, the TOC,,;;, was determined at time zero; after
each run, the final TOCy,,; was measured. This metric allowed
for the quantification of organic byproduct release resulting
from the interaction between ozonation and PE-MPs, thereby
providing a direct measure of the degree of aging.

2.5. Characterization of Degraded Microplastics. The
chemical and physical properties of the PE-MPs were
investigated. Chemical changes were initially assessed by
Fourier transform infrared spectroscopy (FTIR) using a
PerkinElmer spectrophotometer. For this analysis, potassium
bromide (KBr) pellets containing PE-MPs samples were
prepared, and spectra were acquired in the range of 4000 to
450 cm™".%® Based on the chemical insights obtained by FTIR,
the surface morphology of the PE-MPs samples was examined
using a JSM-6380LV JEOL Scanning Electron Microscope
(SEM).

The thermal stability of PE-MPs was analyzed by
thermogravimetric analysis (TGA) using a TGA-QS0 V20
instrument. TGA monitors weight loss as a function of
temperature, providing information on the decomposition
behavior of the material.>’

2.6. Toxicity Tests. Toxicity tests on A. salina were
performed following previous studies, as this organism is
widely used in ecotoxicological assessments.””**>" A. salina
cysts were hatched in an artificial saline solution prepared with
sea salt at a concentration of 30.00 g L™', with a pH of 8.00—
9.00. The hatching process was conducted under controlled
conditions, including constant aeration, a temperature of 28.00
+ 2.00 °C, and a photoperiod of 16 h light/8 h dark for 48 h.
The saline solution was used exclusively for A. salina cyst
hatching and as the exposure medium during the bioassays; it
was not the ozonation treatment matrix.

Each test was conducted in duplicate, with each replicate
consisting of 10 larvae exposed in a 3.00 mL well within a Petri
dish.”**>>* The assays were carried out with the leachate
containing microplastics both before and after the aging
processes. The assays used unfiltered whole suspensions
(particles + leachates). The tests were performed over a 24
h period, during which the organisms were exposed to different
concentrations of the degraded samples. The positive control
(potassium dichromate, K,Cr,0, 0.1%) was included to verify
test sensitivity.”">> The negative control (saline solution) was
used for hatching and maintaining the organisms and was
included in all assays.”””' Toxic effects such as reduced
mobility, erratic swimming behavior, and mortality were
carefully observed. Dead larvae were counted at the end of
the exposure period, and the median lethal concentrations
(LCq,) were calculated based on five serial dilutions of the test
samples (100%, 75%, 50%, 25%, and 12.5%, v/v).

For the toxicity assays with Artemia sp., three experimental
conditions were prepared: post-UASB reactor effluent, without
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the addition of microplastics (SW); post-UASB reactor effluent
enriched with PE-MPs, not subjected to oxidative treatment
(SW+MPs); and post-UASB reactor effluent enriched with PE-
MPs and subsequently treated with hydrogen peroxide and
ozone (O3/H,0,). The evaluation of these samples enabled
analysis of the effect of adding MPs to the matrix and the
determination of the ideal conditions for aging MPs.

To further classify the samples, toxicological units (TUs)
were calculated using eq 1, which relates LCg, values to toxicity
scoring systems. This classification was performed according to
guidelines,56 allowing for a standardized evaluation of the
environmental risk posed by the degraded microplastics. These
tests provided critical insights into the potential ecotoxico-
logical impacts of microplastic aging products on aquatic

ecosystems.
)XIOO

U=( !
LCS0 (1)

2.7. Statistical Analysis. All statistical analyses were
performed at a significant level of @ = 0.0S. For oxidative aging
experiments, a 2° factorial design with three central-point
replicates was analyzed using Statistica 12 (StatSoft, Tulsa,
USA). A first-order polynomial model with two-factor
interaction was fitted to predict the ATOC response, and
model adequacy was supported by ANOVA (R* = 0.9668;
adjusted R* = 0.9170), and residual analysis (Figure S3 - S4;
Tables S4 - SS see Supporting Information).

For A. salina bioassays, the LCs, and 95% confidence
interval (CI) were estimated b_?r Probit regression (StatPlus
Mac, AnalystSoft version 8),°**” and model fit was evaluated
by Pearson’s chi-squared test. Toxicity comparisons were based
on the overlap of 95% confidence intervals.

3. RESULTS AND DISCUSSION

3.1. Design of Experiments. In complex effluents,
reactive oxygen species (ROS), such as hydroxyl radicals
(HO®) generated during AOPs, can be consumed by reducing
species, competitive ions, dissolved organic matter, and
turbidity, thereby decreasing process efficiency. This trans-
formation of effluent constituents, such as carbonates and
nitrogenous compounds, into new potentially more toxic
species represents a significant challenge. The ozonation of
pharmaceuticals in real effluents has already demonstrated that
satisfactory degradation can be achieved at near-neutral pH,
eliminating the need for costly chemical adjustments.””*"

Ozone reactions in aqueous media proceed through two
main pathways: (i) a direct molecular ozone (O;) attack,
which is a selective reaction favored in acidic media, and (ii) an
indirect oxidation by HO®, which is a more powerful and
nonselective pathway favored at neutral pH.>® The indirect
route is primarily initiated by the reaction between ozone and
hydroxide ions (OH™), and since the concentration of these
ions increases with pH, the decomposition of ozone and the
subsequent §eneration of radicals are accelerated under neutral
conditions.”>>”

Preliminary experiments were conducted at acidic, neutral,
and basic pH, combining the O; and O;/H,0, process (Table
S2, see Supporting Information). The difference in TOC
between experiments under acidic and neutral conditions was
only 0.02 mg L™". This observation is supported by studies
suggesting that small variations in TOC may arise from the
inherent limitations of quantification methods, particularly in

https://doi.org/10.1021/acsestwater.5c00773
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samples with low concentrations of dissolved organic carbon,
making it unlikely that such variations reflect actual differences
in the degradation process.”” Considering this minimal impact,
together with the practical limitations and sisgniﬁcant costs
associated with large-scale pH adjustment,®’ ~®’ the decision
was made to operate at the natural pH. The similar pH values
between ultrapure water and the effluent ensured the
comparability of results.

The model shows that the average rate of ATOC increase
occurs during the initial phase (10—60 min), after which it
decelerates in the later phase (60—110 min). This observed
slowdown is likely attributable to two concurrent phenomena.
First, the initial, faster phase may correspond to the oxidative
attack on the most labile sites of the polymer, such as defect
structures or amorphous regions, leaving behind a more
chemically resistant (recalcitrant) polymer surface for the later
stages of the reaction.’® Second, as degradation proceeds, the
soluble organic byproducts released into the solution can
themselves act as important scavengers of hydroxyl radicals,
competing with the solid PE-MPs for available oxidants and
thereby slowing the overall degradation rate.”’

The experimental results of microplastic aging via ozone and
hydrogen peroxide are summarized in Table 2.

Table 2. 2° Factorial Design with the Results Obtained with
the Total Carbon Analyzer

Among the tested conditions, sample 8 exhibited the highest
ATOC, reaching 1.04 mg L™" with 100.00 mg L™" H,0,, 52.00
mg L' O, and a reaction time of 110 min. This outcome is
consistent with the maximal oxidant dosing and prolonged
residence time applied in run.”* The ROS generated in the O/
H,O, process attacks the polymer network, causing structural
modifications.*® Prolonged exposure time is critical, as it allows
this radical attack to propagate, leading to polymer chain
scission and an increased presence of oxygen-containing
functionalities on the surface.””

In contrast, the central point reactions, which employed
intermediate levels of H,O, (65.00 mg L"), O; (43.00 mg
L™'), and reaction time (60 min), exhibited lower ATOC
values (ranging from 0.34 to 0.51 mg L™"). Similarly, sample 1,
which applied the lowest levels of H,0, (30.00 mg L"), O,
(34.00 mg L™"), and reaction time (10 min), yielded the lowest
ATOC (0.21 mg L™).

Hydroxyl radical attack on polyethylene primarily occurs
through hydrogen abstraction from C—H bonds, leading to the
formation of alkyl radicals.”® These radicals subsequently react
with oxygen to form hydroperoxide groups, which decompose
into carbonyls and alcohols.”® This process leads to the
oxidation of polymer chains and the formation of products
including aldehydes, ketones, and carboxylic acids, which
contribute to the measured ATOC.>

Although scission of the polymer chain occurs, the complete

H,0, . time ATOC degradation of PE-MPs is a complex process influenced by
experiment  (mgL™) 0, (mgLT) min) (mg L7) factors such as the presence of unsaturated bonds and the
4 100.00 52.00 10 0.86 stability of peroxyl radicals formed during oxidation.”
8 100.00 52.00 110 1.04 Therefore, the combination of H,0, and O; at higher
3 30.00 52.00 10 023 concentrations and over extended periods is effective for
7 30.00 52.00 110 0.24 MPs aging, promoting structural alterations that lead to the
1 (c) 65.00 43.00 60 0.51 conversion of the polymer into soluble products.***”
10(¢) 65.00 43.00 60 040 The results of the statistical analysis for the factorial design
é 130'00 34.00 110 021 are shown in Figures 2 and 3. The Pareto chart (Figure 2A)
X lgggg iigg 1?) g;: highlights the influence of the tested variables on the ATOC
S 30'00 34'00 1o 0'30 response, where the red line indicates the threshold for
: ’ ’ statistical significance (p = 0.05).”” The ANOVA (Table S4,
9 (C) 65.00 43.00 60 0.34 < g .
see Supporting Information) of the ATOC response yielded an
R? of 0.96681 and an adjusted R* of 0.91702 (MS residual =
0.0060699). The H,0, concentration (p = 0.001956), O,
11 —
0.9 e
2 0.8
@0, Is 40 2 07
S
E 06
(1)Time 1.32 g
8 05
a o o ]
1by2 0.41 04 o
0.3 P
1by3 0.41 02 o
0.1 2
A) p=0.05 B) 01 02 03 04 05 06 07 08 09 10 11 1.2
Standardized Effect Estimate (Absolute Value)

Observed Values

Figure 2. Statistical analysis of the factorial DOE for PE-MP aging (response ATOC, mg L™"). (A) Pareto chart of standardized effects on ATOC
with the significance threshold (red line, p = 0.0S). Positive bars indicate factors that increase ATOC; H,0,, O5, and the H,0, X O; interaction are
statistically significant. (B) Predicted vs observed ATOC values (normal probability/residuals) for the fitted polynomial model. Model statistics: R*

= 0.9668, adjusted R* = 0.9170, and MS residual = 0.00607.
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Figure 3. Response surface and contour plots for predicted ATOC (mg L™") as a function of H,0, (mg L™") and O; (mg L™") from the factorial
design. (a) 3D response surface showing the predicted ATOC. (b) 2D contour plot with the optimal region (red) where predicted ATOC > 0.80
mg L™". Optimal operating point identified by DOE: 100.0 mg L™ H,0, and 52.0 mg L™' O,.

concentration (p = 0.005691), and the H,0, X O interaction
(p = 0.004498) were all statistically significant.

Among the significant variables, H,0, had the most
pronounced effect, reaffirming its critical role as a key oxidizing
agent in AOPs. When combined with O;, H,0, facilitates the
generation of HO®. Ozone itself was also a statistically
significant factor, emphasizing its dual role as a direct oxidant
and a catalyst for radical formation. The H,0, X O,
interaction was also substantial, highlighting a positive
synergistic relationship between these two agents, where
their combined action exceeds the sum of their individual
contributions.”**® This synergy, indicated by the result
observed in sample 8, is well established in the literature and
occurs when the hydroperoxide anion (HO,™), the conjugate
base of H,O,, initiates the rapid decomposition of ozone into
HO® 3368

Experiments with O; (H,0, = 0 mg L™") were carried out to
provide a reference for the oxidative performance of ozone
alone in the same matrix and reactor configuration, Table S2
(see Supporting Information). For a reaction time of 110 min,
the ATOC values obtained were 0.49 mg L™" at 34 mg O, L™,
0.56 mg L™" at 43 mg O; L', and 0.76 mg L™" at 52 mg O,
L' These results offer a matrix-specific benchmark for
comparison with the combined O;/H,0, treatments mapped
by the DOE. In addition to the O; baseline runs, exploratory
trials were performed at fixed ozone (43 mg L™") while varying
H,0, (30, 65, and 100 mg L™"), which produced ATOC of
0.48, 0.76, and 1.12 mg LY respectively. Finally, a pH screen
at O; = 43 mg L™ and H,0, = 65 mg L™ showed ATOC =
0.78 mg L™" at pH 3 and 0.76 mg L™" at pH 7 (A = 0.02 mg
L™"). Given the small pH effect observed and because
operation at neutral pH better represents the UASB effluent
matrix, pH was not controlled in the DOE; furthermore, pH
adjustment at the treatment scale would entail additional
reagent use and operational cost.

The Pareto chart (Figure 2A) demonstrates that H,O,
concentration has a positive effect on the ATOC response,
revealing a synergistic relationship. This result indicates that
higher concentrations of H,O, promote the microplastic aging
process. However, it is crucial to note that excessive dosage
acts as a limiting factor due to its capacity to scavenge hydroxyl
radicals (HO®), a mechanism extensively documented in the
literature, as by Pipolo et al.”> While higher doses of H,0,
increase HO® generation, excessive concentrations can lead to
scavenging effects, where H,O, reacts with existing hydroxyl
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radicals to form less reactive hydroperoxyl radicals (HO,*).*’
The variable Time was not significant for PE-MPs aging
efficiency. As shown in the chart, the main effect of Time was
not statistically significant. Similarly, interactions involving
time, such as the H,0, X Time and O5 X Time interactions,
were also not important, which is consistent with other
studies.”®

As indicated by the plot of experimentally observed values
versus those predicted by the model (Figure 2B), the statistical
model showed a good fit. The R* value for the detected TOC
was 0.9668, indicating a good distribution of the data points
along the regression line and a low level of residuals. Further
validation is provided by the diagnostic plots in the Supporting
Information, which include a standard probability plot of raw
residuals (Figure S3) and a studentized-deleted residuals plot
(Figure S4), confirming the model’s statistical validity.”’

The response surface plots (Figure 3A) reveal the synergistic
effects of H,0, and O; concentrations on ATOC. The highest
ATOC value (>0.80 mg L™") was observed in a critical region
(highlighted in red) at the maximum concentrations of both
oxidants (H,0, = 100.00 mg L™'; Oy = 52.00 mg L"),
highlighting the superior generation of HO® under these
conditions. The contour plot highlights (Figure 3B) how this
combination significantly enhances aging, as the curved
gradients confirm that the interaction between the oxidants
is more effective than their isolated effects.

3.2, Characterization of Degraded Polyethylene
Microplastics. The FTIR spectra illustrating the degradation
of PE-MPs after 110 min of treatment are presented in Figure
4. These spectra showcase the effects of the combined
oxidative treatment (52.00 mg L' O, and 100.00 mg L™
H,0,) on PE samples in both water and effluent matrices,
revealing important insights into the chemical changes that
occurred during the aging process. All spectra display the
characteristic peaks of the C—H sp® bond, which are distinctly
observed at 2918 cm™ and 2848 cm™'.*” Consistent with the
fundamental structure of polyethylene, these peaks represent
the C—H stretching vibrations within the polymer chains.
Additional peaks at 1467 cm™" and 1371 cm ™" are attributed to
the bending vibrations of methylene (—CH,—), while the peak
at 719 cm™! corresponds to a planar asymmetric angular
deformation associated with four or more CH, groups in an
open-chain configuration.”"

In the spectra of the degraded PE-MPs, new chemical
features emerge, providing evidence of oxidation. Notably, a

https://doi.org/10.1021/acsestwater.5c00773
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Figure 4. FTIR spectra of polyethylene (PE) samples: black for virgin
PE (untreated), red for PE aged under O;/H,0, in ultrapure water
(52.0 mg L' O5 and 100.0 mg L™" H,0, for 110 min), and blue for
PE aged under the same O;/H,0, condition in UASB effluent (110

min).

new peak appears at 1714 cm™', which is attributed to the

presence of carbonyl groups (C = O). This observation is
consistent with previous studies that reported the formation of
carbonyl compounds during the oxidative degradation of
polyethylene.””*>*° Additionally, a broad absorption band
between 3400 cm™" and 3600 cm™ is attributed to the O—H
bond in alcohol groups. These peaks indicate the formation of
hydroxyl functionalities during the reaction, likely due to the
interaction of alkyl radicals with reactive oxygen species.’>*
The presence of these O—H groups suggests that the oxidative
process introduced functional groups such as alcohols and
hydroperoxides onto the polymer surface.””

These hydroxyl and carbonyl functionalities not only alter
the chemical composition of PE-MPs but also create active
sites on the polymer surface. This phenomenon facilitates
subsequent oxidation, promoting the further breakdown of the
polymer chains.”””* The broad absorption in the 3400—3600
cm™' range may also indicate the presence of hydroperoxides,
which are intermediates in the degradation process and play a
critical role in the generation of functional groups such as

ketones.”” These chemical transformations highlight the
complexity of the oxidative degradation mechanism and the
potential for these processes to produce a variety of oxygen-
containing species.73

Following the FTIR analysis, thermogravimetric analysis
(TGA) was used to examine the thermal stability of the
samples. The TGA curves (Figure SA) revealed a similar
decomposition pattern among the analyzed PE-MPs samples,
characterized by a progressive increase in the onset
decomposition temperature (T,,.). For the untreated PE,
the T Was recorded at 436.18 °C. In contrast, PE-MPs aged
in ultrapure water reached 442.88 °C, while PE aged in the
UASB effluent showed the highest value at 449.35 °C. A
similar trend was observed in the DTG curves (Figure SB),
where the temperature of maximum decomposition rate (Toa)
increased from 471.37 °C (untreated PE-MPs) to 473.51 °C
(treated in water) and 479.16 °C (treated in effluent).

This apparent increase in thermal stability is a critical and
somewhat counterintuitive finding. At the molecular scale,
recent first-principles work shows that initial H-abstraction
generates alkyl radicals that capture O, to form peroxy and
hydroperoxide intermediates; the decomposition of these
species (including hydroxyl-radical mediated channels) can
yield both chain-cleaving products (e.g, ketones) and
secondary radical species that propagate reactions or enable
radical—radical coupling.”* The conventional mechanism for
oxidative degradation of plastics involves the formation of
reactive radicals that promote chain scission, leading to the
deterioration of polymer chains and, consequently, a reduction
in thermal stability, a behavior consistently reported in the
literature for oxidized polyethylene and other polyolefins.”*”®

Instead, the results observed here suggest the predominance
of more complex and competing mechanisms. One plausible
explanation is that the treatment induced polymer cross-linking
within the bulk material. While this study focuses on
polyethylene, similar behavior has been observed in other
polymeric systems. For example, a study on polybenzoxazines
reported that the incorporation of hydroxyl groups significantly
increased thermal stability, not because of the groups
themselves, but due to their ability to act as additional cross-
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Figure 6. Representative SEM micrographs of PE-MPs: (A) pristine PE (untreated), (B) PE after oxidative aging under O3/H,0, in ultrapure
water (optimal DOE condition being 100 mg L™ H,0, and 52 mg L™ O; for 110 min), and (C) PE after oxidative aging under identical O,/H,0,

conditions applied in post-UASB effluent.

linking sites and to establish a dense intermolecular hydrogen-
bonding network.”® Such condensation, cross-linking, or dense
hydrogen-bonding networks at or near the polymer surface can
locally increase thermal transition temperatures and char
formation. This provides an experimental basis for higher
apparent T, and T, values, even while other fractions of
the polymer are degraded.”®

Another mechanism that may have contributed is the
preferential oxidation and solubilization of low-molecular-
weight (LMW) fractions, such as oligomers and additives. The
observed increase in total organic carbon (TOC) in the
aqueous phase suggests that such LMW species were
effectively removed during the treatment.

Thus, rather than contradicting the typical degradation
pattern, these findings reveal a unique selectivity and structural
reorganization promoted by the O;/H,0, process. By
simultaneously fostering cross-linking reactions and removing
thermolabile fractions, this advanced oxidation approach
directs the aging of PE-MPs toward a more thermally resilient
and structurally modified state. These insights reinforce the
potential of AOPs as a potent and selective tool for
microplastic remediation, especially in complex environmental
matrices such as UASB effluents.”””*

To complement the chemical and thermal characterization,
analysis of the surface morphology via SEM provides
additional insight into the extent of microplastic aging. SEM
examination is crucial for understanding the physical changes
that microplastics undergo during oxidative degradation. As
shown in Figure 6A, the surface of virgin PE-MPs is
characterized by a smooth, nonporous, and relatively uniform
texture. After 110 min of ozonation treatment, however,
significant morphological changes become evident (Figure
6B). The previously smooth surface now exhibits visible pits,
fissures, and fragments, highlighting the physical degradation
caused by the ozonation process. These surface characteristics
are consistent with previous studies, which report that
oxidative attack on the polymer matrix generates pits and
rough textures due to chain scission and the disruption of the
polymer’s structural integrity.”” In other studies, prolonged
ozonation (extending up to 180 min) exacerbates these
changes. Features such as cracks and carbonyl-rich voids
become more prominent as ozone and reactive intermediates
penetrate deeper into the microplastic matrix, gradually
oxidizing the surface layers.””

These physical changes are accompanied by chemical
changes, as the introduction of oxygen-containing functional
groups further modifies the surface properties of the micro-
plastics. Increased surface roughness, in turn, enhances the
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adsorption capacity of the microplastics, allowing for greater
interaction with reactive oxygen species and other environ-
mental contaminants. This dual transformation, chemical and
physical, demonstrates the profound impact of ozonation on
PE-MPs, not only degradin§ the polymer matrix but also
altering its surface chemistry.”

Furthermore, comparison of SEM images of samples
degraded in deionized water and wastewater reveals similar
patterns of cracks, fissures, and surface roughness (Figure 6B
and Figure 6C). This suggests that under identical
experimental conditions $2.00 mg L™' O;, 100.00 mg L™
H,0,, and equivalent reaction times), oxidative degradation
occurs consistently, regardless of the aqueous medium. The
presence of carbonyl-rich features in both cases confirms the
uniformity of the degradation process.

Nasrabadi et al. (2025) demonstrated that the ozonation of
smaller polystyrene microplastics (3.3 ym) resulted in only a
slight change in the mean particle size when analyzed by DLS,
whereas the most pronounced modifications occurred at the
surface, including an increased carbonyl index, surface
cracking, porosity, and changes in surface charge.78 Recent
reviews highlight the use of SEM, FTIR, and TGA as key tools
to assess, respectively, the morphological, chemical, and
thermal properties of microplastics.””*" Our results emphasize
the effectiveness of AOPs not only in accelerating the aging of
MPs but also in promoting alterations in their chemical and
physical properties, which may have significant implications for
their environmental interactions and potential remediation
strategies.

Although the O;/H,0, system proved effective, other AOPs,
such as UV/O; or photo-Fenton processes, may provide
alternative pathways for MP aging. For example, the inclusion
of UV light can enhance radical generation but introduces
additional energy costs and challenges related to water
turbidity, which is particularly relevant for UASB effluents.
Therefore, an environmental remediation strategy should
integrate AOPs with source reduction policies and efficient
physical removal technologies to effectively address the
challenge of microplastic contamination.

3.3. lodometry. The average value of residual ozone for
the treatment of microplastics in deionized water was 4.50 mg
L™}, while for treatment in effluent, the value was 2.80 mg L%
The permitted mean of residual ozone in drinking water is 2.00
to 5.00 mg LY according to the World Health Organization’s
Guidelines for Drinking-Water Quality, meaning the values
found in this study are within the required standards.”"

3.4. Assessment of Acute Toxicity in A. salina. A. salina
is widely used in these assays due to its rapid egg hatching,

https://doi.org/10.1021/acsestwater.5c00773
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minimal storage requirements for reagents, and ease of
handling during test execution. For both toxicity assays,
three samples were evaluated. Toxicity assays were performed
on three samples, as defined in the Methods section: the raw
effluent (SW), the effluent with microplastics (SW+MPs), and
the effluent with microplastics after O;/H,0, treatment. The
assays used unfiltered whole suspensions (particles +
leachates); therefore, observed effects represent combined
physical and chemical influences, whereas ATOC refers only
to the filtered, dissolved fraction. The results, including toxicity
units (TU) and their classifications, are shown in Table 3.

Table 3. LCs, and TU Values for the Effluent (SW), the
Solution Containing Microplastics (SW+MPs), and the
Samples Treated with Ozonation (0;/H,0,)”

lethal concentration, LCy, toxic unit toxicity
sample (%) (TU) classification
SW 91.97 1.09 acutely toxic
SW+MPs 87.42 1.14 acutely toxic
0,/H,0, N/C N/C nontoxic

“N/C = not calculated. For the O3/H,O,-treated sample, no
mortality was observed at any of the concentrations tested. The
evaluated samples were treated under the optimized condition.

Using TU values, samples were categorized based on the
toxicity classification system detailed in Table S6 (see
Supporting Information). According to this system, both the
effluent sample without microplastics (SW) and the effluent
containing microplastics (SW + MPs) demonstrated acute
toxicity, with TU values ranging from 1.0 to 10.0. These results
indicate that both untreated samples pose a significant
toxicological risk.

The LCy, for the SW was determined to be 91.97% with a
narrow 95% confidence interval (95% CI: 85.71—98.74%),
indicating a consistent toxic response. Upon the addition of
microplastics (SW+MPs), the LCy, was 87.42%. Although this
value is numerically lower, suggesting higher toxicity, it is
accompanied by a much wider confidence interval (95% CI:
24.49—312.05%). This wide confidence interval for the SW
+MPs sample, derived from the standard error of the
Logo[LCs,] in the probit analysis, indicates that the presence
of microplastics introduced significant variability to the
system’s toxic response. While the overlapping confidence
intervals prevent a claim of a statistically significant difference
in this acute test, it is noteworthy that the mean toxicity did
trend higher with the addition of MPs. This observation
supports the rationale for intervention.

In contrast, the O;/H,0, treated effluent produced no
observable mortality at any dilution (100—12.5% v/v);
therefore, the LCs, is not determinable. For classification
purposes, a TU value of 0.00 was assigned to this sample,
which, according to the toxicity system, confirms the absence
of acute toxicity.

The absence of acute toxicity in the treated effluent is
attributed to the efficient aging of the microplastic particles
and the subsequent conversion of potentially harmful
intermediates into less toxic or nontoxic byproducts. The
most frequently reported intermediates in the literature for
AOP-driven microplastic degradation are benzoic acid,
carboxylic acids, formic acid, methyl benzaldehyde, and
acetophenone.*"**™** The ozonation process is driven by
ROS, such as HO®, which initiate oxidative reactions in PE-
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MPs.>> During prolonged ozonation, these intermediates are
subsequently mineralized into CO, and water, significantly
reducing their environmental impact. These findings highlight
the effectiveness of AOPs in mitigating the acute toxicity of
effluents containing MPs, while promoting the degradation of
hazardous intermediates into benign end products. This work
further underscores the potential of ozonation as a promising
strategy to reduce the ecological risks posed by MPs and other
pollutants in wastewater.

4. CONCLUSION

The application of the O3;/H,0, advanced oxidation process
successfully induced the aging of PE-MPs within a real UASB
reactor effluent matrix. The treatment caused significant
structural modifications, including surface erosion, formation
of carbonyl groups, and the release of soluble organic carbon.
Notably, these alterations led to an unexpected increase in the
polymer’s apparent thermal stability, with the T ., rising from
436.18 to 449.35 °C. This result suggests the removal of low-
molecular-weight fractions, corroborated by TOC data, and
structural rearrangements such as bulk polymer cross-linking.

The treated effluent showed no acute toxicity to A. salina,
and the residual ozone concentration (2.80 mg L™"') complied
with regulatory standards. Thus, the central contribution of
this work was to demonstrate the potential of an advanced
oxidation process by aging a polymer within a complex effluent
matrix in an environmentally safe manner. The combined
demonstration of efficacy and safety under nonidealized
conditions represents an important step toward the practical
application of the O;/H,0, system for mitigating microplastic
pollution in existing treatment plants.
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