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Abstract Improving the removal efficiency of
microplastics (MPs) in water treatment plants is
important to reduce their threats to the environment
and human beings. In this study, the removal perfor-
mance and mechanisms of MPs by pre-treatment-
enhanced coagulation-flocculation-sedimentation
(CFS) were evaluated. The sinking ratio of MPs was
employed to quantify their removal efficiency in CFS,
while zeta potentials and floc morphology were ana-
lyzed to understand the underlying mechanisms.
Two key mechanisms for MP removal were identi-
fied: charge neutralization and sweep flocculation.
As KMnO, pre-treatment was conducted, oxidation
and MnO, attachment made the MP surface tend to
interact with coagulants to form compact flocs. The
removal efficiencies of 200-um polyethylene tereph-
thalate, polystyrene, and polyvinyl chloride increased
24%, 22%, and 17%, respectively, after KMnO,

Highlights.

1. KMnO, pre-treatment promotes the removal efficiency
of microplastics in coagulation.

2. KMnO, induces surface oxidation and MnO, attachment
on microplastics.

3. KMnO, improves the interaction between microplastics
and coagulants.

4. Chlorination presents no improvement in coagulation.

5. Improvements by KMnO, depend on the polymer type,
size, hydrophobicity, and roughness.
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pre-treatment was performed. The increases were
38%, 40%, and 41%, respectively, for 6.5-pm ones.
Notably, 6.5-pm polythene MPs seemed persistent
in floating on the surface. Yet, chlorination pre-treat-
ment contributed slight improvements. The intrinsic
features of MPs, including density, size, hydrophobic-
ity, and roughness, affected the basic removal in CFS.
KMnO, oxidation and chlorination changed these
features, promoting their interactions with coagulants
and removal efficiencies. KMnO,-enhanced CFS can
be a potential treatment method for MP removal in
water treatment plants.
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1 Introduction

Microplastic (MP) pollution has emerged as a press-
ing global environmental issue, with its presence
observed in aquatic, terrestrial, and atmospheric envi-
ronments. Of particular concern is the alarming con-
tamination of freshwater bodies by MPs (Jian et al.,
2020). Moreover, urban water management systems,
including drinking water treatment plants (DWTPs)
and wastewater treatment plants (WWTPs), are
grappling with the challenges posed by MPs (Novo-
tna et al., 2019). Research has verified that MPs can
elicit toxic effects on various organisms, thereby
posing significant threats to both aquatic and terres-
trial ecosystems, as well as human health (Lett et al.,
2021; Park et al., 2020). Given that the existing water
treatment processes are not specifically designed
to address MP particles, there is a critical need to
develop efficient methods for the removal and control
of MPs.

Traditional water treatment processes are the
dominant contributors to MP removal in DWTPs
and WWTPs (Hidayaturrahman and Lee, 2019; Lin
et al., 2020). Among these processes, coagulation-
flocculation-sedimentation (CFS) plays a crucial
role in the elimination of MPs (Na et al., 2021),
achieving removal rates ranging from 20 to 50% in
DWTPs (Wang et al., 2020), and approximately 90%
in WWTPs (Hidayaturrahman and Lee, 2019; Rajala
et al., 2020). Lab-scale jar tests have been conducted
to investigate the coagulation behavior and mecha-
nisms involved in MP removal (Lu et al., 2021;
Monira et al., 2021; Xue et al., 2021), with sweep
flocculation being identified as the dominant mecha-
nism in traditional CFS (Skaf et al., 2020). Moreo-
ver, the effectiveness of MP removal in CFS is influ-
enced by their sizes and shapes (Zhang et al., 2020),
as well as their inclusion in the background matrix
(Xia et al., 2020). Furthermore, the weathering and
aging degrees of MPs have been found to impact
their removal efficiency during CFS (Lapointe et al.,
2020). Understanding the behavior and mechanisms
of MPs during coagulation is of paramount impor-
tance in improving the overall removal efficiency of
MPs in water treatment processes.

To enhance the efficiency of CFS in removing
microorganisms and organic matter, chemical pre-
treatments have been investigated and implemented
in both DWTPs and WWTPs. Common chemical
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pre-treatments include chlorination and potassium
permanganate (KMnO,) oxidation. These methods
have shown success in inactivating aquatic microor-
ganisms (Moradinejad et al., 2020) and oxidizing dis-
solved organic matter, thereby improving the removal
efficiency of water treatment processes (Jian et al.,
2019). However, it is important to note that while
these pre-treatments may be effective for microorgan-
isms and organic matter, their impact on microplastic
removal may differ. Currently, only a limited num-
ber of studies have investigated the degradation and
aging of microplastics resulting from these pre-treat-
ments. Chlorination, for instance, has been observed
to induce significant alterations in the chemical and
physical characteristics of polypropylene, polyethyl-
ene (PE), and polystyrene (PS) (Kelkar et al., 2019).
The fate and degradation mechanisms of microplas-
tics under chlorination and KMnO, oxidation largely
remain unexplored, and crucially, their effects on
subsequent CFS for microplastic removal are still
unknown. Exploring potential combinations of pre-
treatments and CFS would hold significant value in
developing effective treatment strategies for micro-
plastics while minimizing their impact on human
health and the environment.

This study aims to evaluate the removal perfor-
mance and mechanisms of MPs in pre-treatment-
enhanced CFS. MPs with different sizes and polymer
types were selected as targets, while CFS conditions
were explored and optimized. Furthermore, chlorina-
tion and KMnO, oxidation were tested. Subsequently,
combination experiments of pre-treatments and coag-
ulation jar tests were performed. The distribution sta-
tus of MPs and the inherent mechanism involved in
these combined treatments were explored.

2 Experimental
2.1 Materials

To obtain comparable results of surface characteris-
tics before and after treatments, pure PE, polyethyl-
ene terephthalate (PET), PS, and polyvinyl chloride
(PVC) particles were obtained from Zhonglian Plas-
tic Ltd. (China). These MPs are frequently detected
in water treatment processes. Furthermore, it has
been found that small MPs (1-10 pm) were dominant
in DWTPs and WWTPs (Rajala et al., 2020; Wang
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et al., 2020). Thus, MP particles with mean diameters
of 6.5 pm and 200 pm were both applied in this study.
To perform contact angle analysis, MP sheets (5 mm
X 5 mm, 1.5-mm thickness) were purchased from
Goodfellow Cambridge Ltd. (UK). All MPs without
treatment were preserved under a reductive atmos-
phere. An MP aging process was applied to improve
the reality of the experiment (Section 2.2). Al-based
polyaluminum chloride (PAC) coagulants and cati-
onic polyacrylamide (PAM) were applied (Hiday-
aturrahman and Lee, 2019). NaCIO solution (10%
Cl), KMnO, (99.5%), PAC (98%), and cationic PAM
(98%) were obtained from Macklin. Ultrapure water
(18.2 MQ) was used to prepare solutions. Lake water
obtained from Jing Lake in Guangzhou was used as
a background water matrix for pre-treatments and jar
tests (Table S1). Before reaction, the lake water was
filtered by a 0.22-pm membrane filter.

2.2 MP Aging and Characterization

To improve the reality assessments of water treat-
ments, MPs were treated by aging before all experi-
ments. Pristine MPs were sealed in a glass box with a
customized glass cover (JGS-1) which can penetrate
ultraviolet light (>95% UV-A in 360 nm). The box
containing MPs was placed outdoors under natural
sunlight irradiation for 60 days.

Basic characterization of MPs included morphol-
ogy (scanning electron microscope, (SEM), FEI
Apreo LoVac), chemical structure (Fourier transform
infrared (FTIR) spectroscopy and X-ray photoelec-
tron spectroscopy (XPS)), and surface physical fea-
tures (roughness and contact angle). Detailed infor-
mation is presented in Text S2.

2.3 Pre-treatments

Two pre-treatments, KMnO, oxidation and chlorina-
tion, were performed before coagulation. The lake
water was used as the background matrixes. For each
pre-treatment, the reaction time was set at 30 min. A
concentration range of 0.4-10.0 mg L™' KMnO, is
applied in actual water treatment (Lin et al., 2013).
In the current experiment, higher concentrations of
KMnO, (2.5-100 mg L") were used to obtain a more
evident oxidation reaction. After MPs and KMnO,
were added, the suspension was stirred at 30 rpm. For
chlorination, a stock NaClO solution was prepared

and added to the MP suspension to obtain the tar-
geted concentration. Before chlorination experiments,
the stock solution was diluted to a working dose,
which was determined by Hach DPD powder pillows
(2105569, 2105669). The concentration-time (CT)
value was used to represent the chlorination dose. The
reactions were conducted with CT values in the range
of 75-3000 mg min L~! (Office of Water, 1999).

Subsequently, two parts of experiments were con-
ducted for the treated suspension. The first part was
applied for the jar test. The suspension was moved
to the jar test beakers, and the CFS process was per-
formed. The second part was applied for characteri-
zation. MP particles were separated from the suspen-
sion and then washed with ultrapure water to remove
the residual solution. The obtained MP particles were
dried under 40 °C and applied for analysis.

2.4 Basic and Enhanced CFS Jar Tests

Coagulation processes were conducted using a jar test
system (PB-900 programmable type) with six 1-L
beakers. Two kinds of experiments were performed.
Firstly, in the basic (sole) CFS experiment, the beak-
ers were filled with 1 L background matrixes (lake
water), and then a given amount (a final concentra-
tion of 10 mg L") of aged MPs was added. The PAC
concentration (10 mg L™!) fell in the common PAC
concentration range used in drinking water treat-
ment (normally 5-20 mg L™'). Some preliminary
experiments had been performed, in which 2.5, 5,
10, and 20 mg L~! PAC were applied in the jar test
(data not included in this study). Secondly, in the
enhanced combining experiment (KMnO, + CFS, or
chlorination + CFS), the beakers were filled with 1
L pre-treated suspension which contained MPs (from
the treated sample in Section 2.3). For both kinds of
experiments, the zeta potential and MP sinking ratio
were measured before reactions, and then stirrers
were put into the suspension to perform mixing at 60
rpm for 2 min (the operational sequence is presented
in Table S2). Subsequently, PAC was added, and a 60
rpm mixing (fast flocculation period) was conducted
for 2 min. PAM was added at 1 min. After 1-min fast
flocculation (300 rpm), a slow mixing period (10
min) was performed with 100 rpm stirring. The final
stage was a 30-min settling. After the reaction, the
zeta potential and MP sinking ratio were measured
again. For each sample, at least three replications
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were conducted to obtain the mean value and error
bar.

2.5 Removal Efficiency Determination

As a particle sinks to the bottom of a vessel, it is con-
sidered to be removed by CFS. Thus, the sinking ratio
of MPs can be set as their removal efficiency. After
CFS, the supernatant liquid was removed, and the
sinking MP flocs were obtained. A washing method
was applied to obtain the MPs. Firstly, the sinking
flocs were filtered by a 0.7-pm glass fiber filter. The
filter, which contained MP flocs, was soaked in 1 M
HCI solution for 24 h. After the flocs were disinte-
grated and coagulants were dissolved, the suspen-
sion (without a glass fiber filter) was filtered by 0.45
pm polytetrafluoroethylene filters. The MP particles
were separated from flocs and dried before analysis.
Detailed information on net MP mass determination
can be found in our previous studies (Chen et al.,
2022; Lin et al., 2022). The recovery rate of this
method was tested to be 92—-108% (Table S3).

2.6 Zeta Potential and Floc Morphology

The analysis methods of zeta potential and floc mor-
phology are listed in Text S3.

2.7 Data Analysis/Statistics

One-way ANOVA (SPSS 19.0) was used to test the
data of contact angle, MP mass, and sinking ratio.
Data having p < 0.05 were considered significant.

3 Results and Discussion
3.1 Basic Removal of MPs in CFS

Before CFS, aged MPs exhibited distinct sinking
behaviors (Fig. 1). Notably, the inherent sinking ratio
of 200-pm PVC reached approximately 68%, while
6.5-pm PVC displayed a lower sinking ratio of around
35%. In contrast, aged PE MPs remained suspended
on the water surface, owing to their different densi-
ties. PVC, with a higher density of approximately
1.4 g cm™, demonstrated a propensity to sink. Con-
versely, PE’s density of 0.93 g cm™ is lower than that

@ Springer

of water, causing it to float undisturbed on the water
surface.

Following the addition of the coagulant (PAC) and
flocculation aids (cationic PAM) in CFS, the sinking
ratio of MPs increased (Fig. 1, Table S4). Both PAC
and cationic PAM concentrations were set as vari-
ables. Initially, sole PAC coagulation was conducted
(with PAM concentration at 0, as shown in Fig. 1).
For 10 mg L™! MPs, the most effective removal effi-
ciency was achieved with the addition of 10 mg L™
PAC. For example, ~45% of 200-um PET MPs were
removed with 10 mg L™' PAC, but this efficiency
decreased to 37% when the PAC concentration was
increased to 15 mg L~'. Lower efficiencies were
observed at PAC concentrations of 5 mg L™! and 20
mg L~!. Furthermore, the addition of cationic PAM
further enhanced the removal efficiency. However, it
appeared that the improvement in removal efficiency
reached a limit as the PAM concentration increased.
For example, the highest removal efficiency was
observed for 200-um PET with the combination of 10
mg L™! PAC + 0.5 mg L~! PAM, with no additional
improvement observed as the PAM concentration
was increased to 1 mg L™!. A similar variation trend
in removal efficiency was observed for smaller MPs,
such as 6.5-pm PET. These findings suggested that
appropriate concentrations of both the coagulant and
flocculation aid should be carefully selected based on
the given MP concentration.

The removal of MPs in the basic CFS jar test var-
ied significantly based on the polymer types of MPs.
For 200-pm PE, only limited removal was observed
(< 5%). The removal of 6.5-uym PE remained at O
even as the PAM concentration increased, which can
be attributed to its low-density nature. The flocs con-
taining PE MPs were challenging to sink due to their
overall densities being lower than that of water. In
contrast, a high removal was achieved for PVC. Gen-
erally, the order of removal efficiency when combin-
ing CFS with PAC and PAM followed PVC > PET
> PS > PE, which was associated with the densities
and basic sinking ratios of these four types of MPs.
The most significant improvements in removal (from
inherent sinking ratio to the highest removal in CES)
were observed for 200-pm PET, PS, and PVC, with
increases of 38%, 17%, and 17%, respectively. For
6.5-pm PET, PS, and PVC, the improvements were
44%, 12%, and 25%, respectively. These findings indi-
cate that the intrinsic features of MPs, such as density,
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Fig. 1 Removal of MPs in basic CFS jar test. Jar test conditions: background matrix pH = 6.69, polyaluminum chloride 5-20 mg
L7}, cationic polyacrylamide 0—1.0 mg L™, reaction temperature 25 °C. Sizes of MPs are 200 pm and 6.5 pm

size, and sinking ratio, play a vital role in determining
their basic removal. Coagulation processes can effec-
tively improve the sinking ratio of all MPs, especially
those with higher densities.

3.2 Enhanced CFS with Pre-treatments

KMnO, oxidation and chlorination can enhance the
efficiency of CFS. In the experiments conducted, the
conditions for CFS were set as 10 mg L™! PAC and
0.5 mg L™! cationic PAM, with other reaction param-
eters detailed in Table S2.

The enhanced sinking ratios of MPs are presented
in Figs. 2 and S2 and Table S5. When the KMnO,
pre-treatment was induced, the efficiency of CFS was
further improved. Taking 200-pm PET as an exam-
ple, the sinking ratio (removal) increased from 64 to
88% after 10 mg L™' KMnO, oxidation + CFS, and

this level was maintained even with higher KMnO,
concentrations. Similar tendencies were observed for
PE (increased by ~22%) and PS (increased by ~21%).
Notably, significant promotions were also confirmed,
with increases of ~40% and ~41%, respectively, for
6.5-um PET and PS. However, the removal of PE
remained zero under all treatments. As for 200-pm
PVC, with its basic removal already exceeding 80%,
KMnO, pre-oxidation seemed to have only a slight
effect on it. Surprisingly, the removal of 6.5-pm PVC
increased from 60 to 100%, indicating a substan-
tial enhancement. Generally, an appropriate addition
concentration of 10 mg L™! KMnO, was found to be
effective.

On the other hand, chlorination resulted in only
minor improvements (Fig. S2). Enhanced CFS after
chlorination showed increased removal for PET and
PS, while no variation was observed for PE and PVC.

@ Springer
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Fig. 2 Removal of MPs in KMnO,-enhanced CFS jar test.
KMnO, oxidation experiment: [KMnO,], = 2.5, 10, 50, and
100 mg L~!; reaction time = 30 min; reaction temperature 25
°C; the sizes of MPs are 200 pm and 6.5 pm. Jar test condi-

3.3 Zeta Potential

The zeta potential of particles plays a crucial role in
the formation and sedimentation of flocs. When the
zeta potential is reduced to a range of low values,
typically from —10 to 10 mV, it facilitates the forma-
tion of compact flocs. This condition leads to more
rapid and efficient flocculation, primarily driven by
charge neutralization. Figure 3 shows the zeta poten-
tial variations in basic and enhanced CFS. The con-
trol group represented the original zeta potential of
raw water. Following CFS, the zeta potential values
were reduced to a range of +10 mV, indicating a fea-
sible destabilization condition. Upon the application
of KMnO, oxidation, the zeta potential approached
zero more closely. In comparison, the improvement
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tions: background matrix pH = 6.73, polyaluminum chloride
10 mg L', cationic polyacrylamide 0.5 mg L™}, reaction tem-
perature 25 °C

achieved through chlorination was relatively slight
when compared to that of KMnO, oxidation. These
findings suggested that KMnO, oxidation pre-treat-
ment promoted charge neutralization, leading to the
improved formation of compact flocs in the presence
of MPs. However, this effect was not observed with
chlorination. Additionally, the enhancement appeared
to be more efficient for smaller MPs (6.5 pm), exhib-
iting smaller absolute zeta potential values under the
same reaction conditions.

3.4 Floc Morphology
The formation morphology of flocs is important to

evaluate the CFS. Figure 4 shows the flocs of MPs
after basic and enhanced CFS. Due to the random
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Fig. 3 Variation of zeta potential. KMnO, oxidation experi-
ment: [KMnO,], = 10 mg L™, reaction time = 30 min. Chlo-
rination experiment: CT = 75 mg min L', reaction tempera-
ture 25 °C, the sizes of MPs are 200 pm and 6.5 pm. Jar test
conditions: background matrix pH = 6.73, polyaluminum chlo-

and irregular nature of floc formation, only qualita-
tive observations were discussed. After basic CFS,
all MPs were encapsulated within loose and bondless
flocs formed by polymer coagulants.

In contrast, after KMnO, + CFS, the flocs exhib-
ited a darker color with more visible interspaces, indi-
cating a more compact structure than those formed
during basic CFS. The presence of additional voids
within these compact flocs implied enhanced aggre-
gation, increasing their density and leading to faster
sedimentation. The removal results (Fig. 2) further
supported this deduction. On the other hand, for chlo-
rination + CFS, the flocs appeared similar to those
in sole CFS, without any noticeable improvement in
aggregation. Consequently, low removal efficiencies
were observed when chlorination was applied.

Furthermore, the average size (ds;) of flocs was
measured (Table S6). In basic CFS, the floc sizes of

ride 10 mg L™, cationic polyacrylamide 0.5 mg L™}, reaction
temperature 25 °C. Control indicates the background water
matrix. CFS indicates the sole coagulation-flocculation-sedi-
mentation treatment. K indicates KMnO, oxidation—enhanced
CFS. Cl indicates chlorination-enhanced CFS

200-pm MPs were in the range of 288-364 um, and
they increased significantly in the KMnO, + CFS
experiment. For example, the one of PVC rose to
867 + 66 pm, nearly three times that in a single CFS.
Again, the improvement by chlorination was weaker.
These findings further supported the conclusion that
KMnO, oxidation can enhance the formation of MP
flocs during CFS.

3.5 MP Morphology Variation After Oxidation and
Chlorination

Intact surfaces were observed for the aged MPs with
different polymer types. Among these MPs, PE exhib-
ited a coil-like surface, while the other three MPs had
smooth layer-shaped surfaces. These differences may
be attributed to variations in their production and
polymerization processes.

@ Springer
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Fig. 4 Images of flocs in
jar tests: a PE in CFS, b PE
in KMnO, + CFS, ¢ PE in
chlorination + CFS, d PET
in CFS, e PET in KMnO, +
CFS, f PET in chlorination
+ CFS, g PS in CFS, h PS
in KMnO, + CFS, i PS in
chlorination + CFS, j PVC
in CFS, k PVC in KMnO,
+ CFS, and 1 PVC in chlo-
rination + CFS. KMnO,
oxidation experiment:
[KMnO,], = 10 mg L™},
reaction time = 30 min.
Chlorination experiment:
CT =75 mg min L, reac-
tion temperature 25 °C, the
size of MPs is 6.5 pm. Jar
test conditions: background
matrix pH = 6.73, polyalu-
minum chloride 10 mg L™,
cationic polyacrylamide 0.5
mg L™}, reaction tempera-
ture 25 °C

Theoretical surface modifications on MPs include
oxidation destruction and the attachment of nano-
MnO,. In the current experiment, only slight surface
destruction was observed (Fig. 5). Some wrinkles and
cracks appeared on the surfaces of PET and PVC,
but no destruction on the other two polymers. Inter-
estingly, small adhesive substances were evident on
all MPs, possibly indicating the presence of nascent-
state nano-MnO,. These modifications could affect
the surface hydrophobicity and roughness of MPs. In
comparison to our previous study (Chen et al., 2022),
these modifications were relatively weak, likely due
to the low concentration (10 mg L~') of KMnO,
applied in this study. This concentration is more rep-
resentative of actual water treatment scenarios, which
typically use concentrations of 1-5 mg L~!. Conse-
quently, it can be concluded that the observed modi-
fications in this study reflected the real-life situations
of MPs after KMnO, oxidation.

On the other hand, chlorination resulted in evident
destruction and corrosions on the surfaces of PET,
PS, and PVC. Notably, massive wrinkles appeared
on PET and PS, while pores covered the surface of
PE and PVC, indicating distinct destruction processes
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and mechanisms on different polymers. The dominant
mechanism for PET and PS involved the disconnec-
tion of high polymer valence linkages, leading to
layer-shaped wrinkles. Conversely, for PVC, corro-
sion seemed to occur first, followed by the detach-
ment of tiny particles from the main MP bodies,
eventually forming small pores.

3.6 Chemical Variations of MPs

FTIR can determine the chemical composition char-
acteristics on the surface and depths of several mil-
limeters in the MPs. Some new characteristic peaks
appeared on the surface of MPs treated by KMnO,
oxidation and chlorination (Fig. S3), mainly in the
ranges of 2500-2800 cm~! and 3000-3500 cm™.
The characteristic peaks in these intervals are related
to the oxidation bonds, including O-H, C-O, and
C=0. For PS, a markedly broad peak appeared in
the range of 2500-2800 cm™!, while PET exhibited
a broad peak in the range of 3000-3500 cm™'. These
results indicated the generation of oxidized functional
groups on the surface of MPs after KMnO, oxidation
and chlorination.
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Fig. 5 SEM images of MPs: a aged PE, b PE after KMnO,
treatment, ¢ PE after chlorination treatment, d aged PET, e
PET after KMnO, treatment, f PET after chlorination treat-
ment, g aged PS, h PS after KMnO, treatment, i PS after chlo-
rination treatment, j aged PVC, k PVC after KMnO, treatment,

XPS measurements were conducted to evaluate
the chemical valence bond variations of MPs (Fig. 6).
Only a few oxidized functional groups were found
on the aged MPs. The O 1s spectrum of aged PET
demonstrated a high intensity (Fig. 6b), attributed to
its inherent O—C and O=C structures. After KMnO,

and 1 PVC after chlorination treatment. KMnO, oxidation
experiment: [KMnO,], = 10 mg L™, reaction time = 30 min.
Chlorination experiment: CT = 75 mg min L~!, reaction tem-
perature 25 °C, the size of MPs is 200 pm. Arrows indicate the
MnO, particles on MP surfaces

oxidation, oxygen-related bonds on the MP surfaces
increased, evident from the higher intensity of the
O 1s spectrum for all polymers. After deconvolution
(Fig. 6e), three sub-peaks were identified, namely,
0O-C (531.6 eV), O=C (532.9 V), and O-Mn (529.8
eV) bonds. The O-C and O=C sub-peaks implied
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Fig. 6 X-ray photoelectron spectroscopy (oxygen) variations
of MP particles: a PE, b PET, ¢ PS, d PVC, e O 1s parent peak
and deconvolution sub-peaks of PET after KMnO, oxidation,
and f O Is parent peak and deconvolution sub-peaks of PET

oxidation on the MP surfaces, while the O—Mn sub-
peak indicated the generation of MnO,, confirming
that the nano-particles on MP surfaces were MnO,
adhering after KMnO, treatment.
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after chlorination. KMnO, oxidation experiment: [KMnO,], =
10 mg L1, reaction time = 30 min. Chlorination experiment:
dose CT = 75 mg min L~!, reaction temperature 25 °C, the
size of MPs is 200 pm

After chlorination, the intensity of the O 1s spec-
trum for all MPs increased similarly, but the over-
all characteristic peak centered around 532.5 eV
(Fig. 6f). After deconvolution, O-C (531.6 eV) and
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0O=C (532.9 eV) sub-peaks were identified, but no
O-Mn (529.8 eV), suggesting MP surfaces were also
oxidized during chlorination. The Cl 2p spectrum
increased after chlorination, indicating the generation
of chlorinated functional groups. The organic frame-
work of the polymer surfaces underwent chlorination
mainly due to addition and substitution reactions after
bond cleavage. After deconvolution, two sub-peaks
were observed, representing CI 2pl (202.1 eV) and
C1 2p3 (200.4 eV), respectively (Fig. S4e). Of note,
a certain peak was observed in the CI 2p spectrum
of aged PVC (Fig. S4d) due to the existence of chlo-
rine in its skeleton. After chlorination, the intensity
of Cl 2p increased significantly, especially in PVC,
indicating a stronger affinity between PVC and chlo-
rine. Consequently, PVC was more susceptible to
corrosion, which was also confirmed by SEM results
revealing evident corrosion on the surface of PVC.

3.7 Roughness, Hydrophobicity, and Mechanisms

Surface roughness and hydrophobicity can signifi-
cantly affect the interactions between MPs and coag-
ulants. Roughness differed by polymer type. The
roughness of aged PET, PS, and PVC was < 0.1 pm,
but the one of PE was higher (Table S7). Aged PE
had a gully surface (Fig. 5), contributing to roughness
at 0.364 pm.

After KMnO, oxidation and chlorination, the
roughness of all MPs increased. Although the
increase in roughness of PE seemed implicit due to its
high initial value, the increases for the other three pol-
ymers were significant. For example, the roughness
of PVC rose from 0.026 to 0.264 pm (~1000%). SEM
images of aged PVC showed a smooth surface, but
abundant pores with MnO, particles were observed
after KMnO, oxidation (Fig. 5), consistent with the
roughness results. Chlorination also led to the for-
mation of pore canals on PVC, contributing to an
increase in roughness to 0.163 pm (a rise of ~600%).
Similar variations in roughness were observed for
PS and PET. The roughness of PET increased by
~900% (after KMnO, oxidation) and ~800% (after
chlorination), supported by SEM images showing
relevant results. This increased roughness facilitated
the access and interaction of coagulants with MPs,
thereby enhancing coagulation and sedimentation
(Lapointe et al., 2020).

The hydrophobicity of MP surface can be reflected
by the contact angle. The contact angles of aged MPs
were all > 80°, indicating that they were all hydro-
phobic (Table S8). After treatments, the contact
angles decreased for all MPs. Significant variations
were observed for PET, PS, and PVC, while only a
slight decrease was noted for PE. KMnO, oxidation
induced more dramatic decreases than chlorination.
For example, the contact angle of PVC declined from
85.6 to 21.9° and 18.3° after low-dose and high-dose
KMnO, oxidation, respectively. This could be attrib-
uted to the generation of C—O and C=0 bonds and
the attachment of MnO,. However, after chlorination,
the contact angle only decreased to 63.3° and 46.2°,
suggesting a weaker destruction of hydrophobicity.
This declining hydrophobicity also facilitated the
interaction between the coagulant and MPs, leading
to improved coagulation.

3.8 Enhanced Mechanism and Economic Cost

The above results indicated that the dominant mecha-
nism for basic MP removal included charge neutrali-
zation (decreasing zeta potential) and sweep floccu-
lation (formation of MP flocs), which was consistent
with the previous research (Skaf et al., 2020). When
KMnO, pre-oxidation was induced, it oxidized the
surface of MPs, which increased the roughness and
reduced hydrophobicity. These characteristic varia-
tions improve the adsorption and interaction of coag-
ulants with MPs, enhancing the sweep flocculation
process. Furthermore, the presence of nascent-state
MnO, promotes the interaction between coagulants
and MPs, leading to the formation of denser flocs.
The attachment of MnO, compresses the electric dou-
ble layer around MPs, facilitating coagulation. All
these processes contribute to the improved removal of
MPs in enhanced CFS by KMnO, pre-oxidation.

On the other hand, chlorination only induced weak
improvements in charge neutralization and sweep
flocculation. Chlorination causes some destruction
on PET and PS, increasing their hydrophilicity. This
led to increased adsorption of coagulants on these
two MPs, which benefited coagulation. In contrast,
only slight destruction was observed for PE and PVC,
resulting in minimal improvements in removal.

At a dosage concentration of 10 mg L™! KMnO,,
the removal rates of various MPs were significantly
improved. If the KMnO, concentration increased,
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the improvement of MP removal rate was insignifi-
cant. Therefore, 10 mg L™' KMnO, was used to cal-
culate the economic cost. The cost of adding 10 mg
L~! KMnO, was 0.168 RMB m~* (the price of solid
KMnO, was 16,800 RMB ton™! in Sep. 2023). This
cost accounts for a small proportion of the overall cost
of drinking water (5-7 RMB m™ in China). Moreo-
ver, KMnO, pre-oxidation not only is targeted at MPs,
but also can improve the removal and purification of
other pollutants and microorganisms. Therefore, the
cost of using KMnO, pre-oxidation to improve the
removal rate of MPs would be acceptable.

Both KMnO, pre-oxidation and pre-chlorination
can improve the removal rate of MPs; KMnO, pre-
oxidation especially is highly effective. However, the
actual economic costs of these two methods need
to be further determined based on the actual water
treatment process and water quality requirements.
The concentration of MPs added in this experiment
is higher than that in actual water treatment, and the
natural raw water body contains various other pollut-
ants and microorganisms. In the actual treatment pro-
cess, KMnO, pre-oxidation and pre-chlorination are
often used as pre-treatment methods for microorgan-
isms and organic matter. While treating these pollut-
ants, they also remove MPs. Taking into account the
effects and costs of the two pre-treatments, KMnO,
pre-oxidation is an effective and economically feasi-
ble method to improve the MP removal rate.

4 Conclusion

The removal of MPs in basic CFS can be considered
to assist their sinking ratios. Charge neutralization
and sweep flocculation were fundamental mecha-
nisms that were further boosted by KMnO, pre-
oxidation. Oxidation and MnO, attachment induced
by KMnO, made the MP surfaces more inclined to
interact with coagulants, leading to the formation of
compact flocs and ultimately improving the removal
efficiency. Yet, chlorination pre-treatment only con-
tributed slightly to this improvement.

The intrinsic characteristics of MPs, such as den-
sity, size, hydrophobicity, and roughness, all play sig-
nificant roles in their basic removal in CFS. Further-
more, KMnO, oxidation and chlorination can alter
these characteristics, thereby affecting their removal
efficiencies in CFS. For example, the removal
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efficiencies of 6.5-pm PET, PS, and PVC increased by
38%, 40% and 41%, respectively, after KMnO, pre-
treatment was performed. Using KMnO,-enhanced
CFS could be a potential treatment method for MPs
with different sizes and polymer types.
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