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HIGHLIGHTS

e More than 90 % of all microplastics
(MP) variants accumulate in activated
sludge.

e Formation of heteroagglomerates drive
MP removal.

o Heteroagglomerates formed by differ-
ential sedimentation is more important
than fluid shear.

o Relative affinities between MPs and
sludge flocs are similar for most MP
variants.

e MP concentrations in activated sludge
inform about MP contents in effluent
water.
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ABSTRACT

Microplastic particles (MPs) are efficiently transferred from wastewater to sludge during wastewater treatment,
but it remains unclear to what extent the physical-chemical properties (e.g., polymer type, shape, size) of the MPs
affect their incorporation into heteroagglomerates. To assess the latter, different variants of MPs were individ-
ually spiked to activated sludge, which was aerated and mixed for durations between 0 and 120 min, followed by
30 min of sedimentation. In experiments with no aeration/mixing, already 70 — 80 % of all MP variants were
found in the sedimented sludge. Including 120 min of aeration/mixing resulted in an additional accumulation of
15 — 20 % of the MPs in the sedimented sludge, with steady state conditions being reached after less than 15 min
aeration/mixing. Overall, more than 90 % of all MP variants were accumulated in the sedimented sludge and up
to 10 % remained in the supernatant. The similar relative affinities of spiked MP variants to sludge flocs derived
from time resolved experiments (increasing aeration/mixing time followed by 30 min sedimentation time) agree
with the similar behavior of all MPs during the activated sludge process. Images of flocs collected at the end of
the experiments showed that MPs were dominantly associated with flocs. The formation of heteroagglomerates
was likely favored by the close-to-neutral zeta potential of the MPs in filtered wastewater, suggesting that van der
Waals forces control heteroagglomerate formation. Taken together, these results indicate that the removal of MPs
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during the activated sludge process is driven by the formation of heteroagglomerates, with differential sedi-
mentation being more important than fluid shear.

1. Introduction

Microplastic particles (MPs), defined as particulate plastic with di-
mensions between 1 ym and 1 mm [21], have been detected across many
environmental compartments [23,29,34,37], essentially reflecting the
high environmental persistence of conventional polymers. Microplastic
particles discharged to wastewater are transported in sewer pipes to
wastewater treatment plants (WWTPs). Representing the interface be-
tween the technical and the natural environment, WWTPs act as a
critical barrier to remove MPs from the wastewater. Effective removal
lowers the flux of MPs released with WWTP effluent to surface waters [4,
41,42]. However, given the accumulation of MPs in the sewage sludge
combined with the environmental persistence of these MPs, the appli-
cation of sludge to agricultural fields likely becomes an important
pathway for MPs to the environment [27,33,43]. To estimate these
fluxes, it is important to understand the fate of MPs in WWTPs.

The activated sludge process represents an integral part of contem-
porary wastewater treatment. Wastewater continuously enters aerated
and stirred reactors containing suspended particulate biomass so-called
flocs, which are typically in the size range of 100 to 200 ym [18]. In
these aerated reactors, organic matter is degraded, ammonium is
oxidized to nitrate (nitrification) and further converted to molecular
nitrogen (denitrification), and organic and mineral particulate materials
are enmeshed in sludge flocs (flocculation). After the aeration phase, the
mixture of flocs and water referred to as sludge enters a sedimentation
tank where the solids are separated from the water through sedimen-
tation. The supernatant from the sedimentation tank (i.e., clarified
water) typically containing ~5-10 mg L~! of total suspended solids
(TSS) is discharged into surface waters either directly or after a tertiary
treatment such as sand filtration [18].

Previous studies mostly reported removals of at least 90 % of the
total number of MPs from the wastewater stream during the wastewater
treatment, indicating an effective transfer of the MPs to the sewage
sludge [4,41,42]. Yet, the polymer types and size distribution of the MPs
detected in the influent and the effluent water often differed [36,49].
These differences may reflect specific removal mechanisms that depend
on the physicochemical properties of the MPs or may result from
analytical shortcomings. The accurate quantification of MPs concen-
trations in WWTPs (i.e., sewage sludge, influent and effluent water) is
challenging due to large uncertainties associated with representative
sampling and lack of robust analytical methods. This resulted in re-
ported MP concentrations spreading over several orders of magnitudes
for WWTP effluents [28].

Based on experimental evidence obtained for the removal of engi-
neered nanoparticles [25], microfibers [14], and nanoplastics [1,14]
during the activated sludge process, we speculate that the formation of
heteroagglomerates between sludge flocs and MPs plays a key role in
transferring the MPs from the wastewater to the sludge. Several studies
have also suggested that heteroagglomeration is important for the
removal of MPs from wastewater [10,11,4,42], a hypothesis further
supported by microscopic images showing MPs embedded in sludge
flocs [10,11]. Yet, mechanistic understanding of the process remains
limited. For example, the impact of different physicochemical properties
including size, shape, polymer type and surface alterations resulting
from UV-light irradiation on the behavior of MPs during the activated
sludge treatment has received limited attention. Moreover, although
heteroagglomeration of MPs with sludge flocs has been mentioned as
key to the MP removal from wastewater, the relative importance of
differential sedimentation and fluid shear to the formation of hetero-
agglomerates remained unexplored and the kinetics of this process
poorly investigated.

The goals of this study were, therefore, (1) to assess the impact of MP
size, polymer type, shape and UV-light irradiation on the MP removal in
batch experiments simulating the activated sludge process, (2) to esti-
mate the relative importance of differential sedimentation and fluid
shear regarding the formation of heteroagglomerates, (3) to study the
kinetics of heteroagglomeration of MPs during the activated sludge
process, and, based on the experimental data, (4) to evaluate whether
activated sludge serves as a non-specific accumulator for MPs entering
the activated sludge process. As our experiments were designed to assess
the impacts of varying properties of the MPs on their behavior during the
activated sludge process, we systematically varied the properties (size,
polymer type, morphology, UV-light irradiation) of the MPs, but kept
the properties of the sludge matrix (e.g, pH, ionic strength, content, and
composition of extracellular polymer substances) unchanged.

2. Materials and methods
2.1. Chemical reagents, filter materials and microplastic particles

Hydrogen peroxide (H2O2 35 %, Roth, order number: 9683.5), iron
sulfate (FeSO4-7 H20, Roth, Pro analysis, 2619776) and protocatechuic
acid (Sigma, 37580-25g-F) were used to isolate the MPs after the ex-
periments. Rinsing of all reaction vessels and sampling tools (e.g., steel
mesh) before and after the analysis was performed with ethanol (70 %,
Reuss Chemie, RC-FSP-018) and deionized (DI) water (Arium Pro,
Sartorius). Stainless steel meshes (pore size 25 pym and 47 mm diameter,
Haver & Boecker OHG, Germany) and aluminum oxide filters (Anodisc,
pore size 0.2 ym and 47 mm diameter, Whatman plc, UK) were used to
separate the MPs from the liquid matrices.

Colored or fluorescent MPs of different polymer types (i.e., poly-
ethylene (PE), polyvinyl chloride (PVC), and polystyrene (PS)), shapes
(fragments versus spheres), and sizes ranging from 6 to 580 pym, were
used (details in Table S1). These MPs are referred to as probe MPs, as
they were used to quantify the heteroagglomeration of MPs with sludge
flocs. In addition, MPs of different colors or fluorescence than the probe
MPs were used as surrogate standards to evaluate MPs losses during
sample handling and processing for subsequent analysis. The use of
differently colored or fluorescent MPs enabled their unambiguous
identification and quantification by automated optical microscopy. The
MPs are displayed in Figure S1, S2, and S3 and their provider, use, and
properties are summarized in Table S1.

2.2. UV-light irradiation and characterization of probe microplastic
particles

A selected number of red PE (60 pm), blue PVC (40 um), and violet PS
(100 um) (Table S1) probe MPs were UV-light irradiated (300 — 800 nm)
to simulate the photochemical oxidation of the polymer surfaces during
environmental weathering. An irradiation of 350 kWh m~2 was applied
and considered sufficient to cover the UV-light irradiation of plastic
items that are discarded in the environment by littering and reach the
sewer system through rain events. The details of the UV-light irradiation
procedure are described in the SI (Section 2). After UV-light irradiation,
the probe MPs were characterized using Attenuated Total Reflection —
Fourier Transform Infrared Spectroscopy (ATR-FTIR) analysis and the
carbonyl index (CI), which was used as a proxy for the probe MP surface
oxidation, was calculated [39]. Further details are given in the SI
(Section 2).
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2.3. Heteroagglomeration experiments

Two types of experiments were performed to investigate the fate of
MPs during the activated sludge process. The first set of experiments,
referred to as removal experiments, aimed to assess the impact of
polymer type (PE, PVC, PS), shape (fragment, sphere), size and UV-light
irradiation on the transfer of MPs from wastewater to the sludge during
the activated sludge process. The second set of experiments, referred to
as kinetic experiments, aimed to investigate the kinetics of MP-sludge
floc heteroagglomeration and to estimate the relative importance of
differential sedimentation induced and fluid shear induced hetero-
agglomeration. Activated sludge was collected from a pilot WWTP
operated at Eawag (described in [26]) on the day of the experiments.
The pH of the collected activated sludge fluctuated between pH 7.8 and
8.1. A run table of all experiments including additional information
about the probe MPs and the surrogate standards used in the individual
experiments is provided in Table 1.

2.3.1. Experiments addressing the transfer of microplastic particles from
wastewater into sludge during the activated sludge process (removal
experiments)

Between 4’000 and 6’000 pristine or UV-light irradiated probe MPs
(PE (60 pm), PS (100 pm), PVC (40 um)) of unique colours were spiked
into either activated sludge or into DI water. The experiments conducted
in DI water served as control. Each polymer type was spiked individually
for each experiment. A schematic of the experiments is given in Fig. 1A.

For each experiment, the number of added MPs was determined as
follows: A small amount of probe MPs was deposited on a glass slide

Table 1

Summary of all experiments conducted, providing an overview of the matrix, the
probe microplastic particles (MPs), and the surrogate standards used. Experi-
ments conducted in deionized (DI) water served as controls. The removal ex-
periments (addressing the transfer of MPs from wastewater into the sludge
during the activated sludge process) and the kinetic experiments (addressing the
kinetics of the heteroagglomeration process) are described in Sections 2.3.1 and
2.3.2, respectively. In the kinetic experiments, either two or three different types
of probe MPs were added as mixtures to the activated sludge samples to reduce
the total number of reactors that had to be operated in parallel. PE: poly-
ethylene, PVC: polyvinyl chloride, PS: polystyrene.

Type of Matrix Probe MPs Surrogate standards
experiment
Removal DI Red PE (60 um) Blue PE (60 pm)
water
Removal DI Blue PVC (40 pm) Red PE (60 pm)
water
Removal DI Violet PS (100 pm) Red PE (60 um)
water
Removal Sludge Red PE (60 um) Blue PE (60 pm)
Removal Sludge Blue PVC (40 pm) Red PE (60 pm)
Removal Sludge Violet PS (100 pm) Red PE (60 pm)
Removal Sludge UV-irradiated red PE Blue PE (60 um)
(60 um)
Removal Sludge UV-irradiated blue PVC Red PE (60 ym)
(40 yum)
Removal Sludge UV-irradiated violet PS Red PE (60 pm)
(100 pm)
Kinetic Sludge Red PE (60 pm), Green PE (60 um)
Blue PVC (40 pm),
Violet PS (100 pm)
Kinetic Sludge UV-irradiated red PE Green PE (60 um)
(60 um),
UV-irradiated blue PVC
(40 pm),
UV-irradiated violet PS
(100 pm)
Kinetic Sludge Fluorescent yellow PS Fluorescent Nile Red PS
(6 pum) (11 pm)
Blue PE (24 pm)
Kinetic Sludge Blue PE (580 um) Pink PE (540 um)

Red PS (460 um)
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using a steel needle. The number of MPs deposited on the glass slides
were determined by automated optical microscopy (VHX-7000, Key-
ence, Japan). The glass slide was then rinsed with 5 mL DI water to
transfer the probe MPs into a 250 mL Schott bottle. Following this
rinsing, each glass slide was imaged again under the optical microscope
to check for remaining MPs and the total amount of MPs added to the
Schott bottle was corrected accordingly. After adding the probe MPs to
the Schott bottles, 200 mL of activated sludge or of DI water was
transferred into the Schott bottles. Each bottle was then continuously
mixed using a magnetic stirrer and aerated through glass Pasteur pi-
pettes, which were inserted into the sludge and connected to the pres-
surized air outlet of the laboratory. Oxygen (O) concentration was kept
above 5 mg O, L™! at all times. The velocity gradient G due to stirring
was estimated at 82 s 1. The estimation does only include the power
input due to stirring and thus reflects a minimum value (SI, Section 4).
After an aeration and mixing period of 120 min, the content of the
bottles was transferred into a 500 mL glass separation funnel for 30 min
of sedimentation. The sludge remaining in the bottles was also rinsed
with 10 mL of DI water into the separation funnel. Mixing and settling
times were similar to those of full-scale activated sludge systems [44].
After sedimentation, the sedimented sludge was collected in a 600 mL
glass beaker from the bottom of the funnel through the funnel outlet and
the supernatant was subsequently drained through the same outlet into a
separate 600 mL glass beaker. The emptied separation funnel was rinsed
with 10 mL DI water and the wash water was added to the beaker
containing the supernatant. In control experiments conducted with DI
water, separation funnels were emptied and two volumes each of
~110 mL were collected corresponding to those of supernatant and
sedimented sludge in experiments conducted with activated sludge. All
experiments were conducted in triplicate. A run table of all removal
experiments including the amounts of spiked and recovered probe MPs
is provided in the SI (Table S2).

2.3.2. Experiments to evaluate the kinetics of heteroagglomeration (kinetic
experiments)

Experiments to study the kinetics of the formation of hetero-
agglomerates between MPs and sludge flocs during the activated sludge
process were conducted in a similar manner as the experiments
described in Section 2.3.1 (removal experiments). However, in these
(kinetic) experiments, the aeration and mixing times were 0, 1, 5, 15, 30,
60 and 120 min, whereas the sedimentation time of 30 min was kept
constant for all experiments. A schematic of the kinetic experiments is
given in Fig. 1B. In addition to using the same set of probe MPs as for the
removal experiments, the size range of the MPs used for the kinetic
experiments was expanded from 40 — 100 um to 6 — 580 um to assess the
potential size dependence of the heteroagglomeration process in more
detail (Table 1). Because of the numerous mixing and aeration times
tested, the probe MPs were added as a mixture of either two or three
different MPs types (Table 1) to the Schott bottles to ensure that the total
number of reactors ran in parallel remained feasible. The concomitant
addition of different types of probe MPs unlikely affected the hetero-
agglomeration rates between probe MPs and sludge flocs (e.g., through
the formation of MP-MPs agglomerates), because the number of sludge
flocs in the system was much higher than the number of probe MPs
added.

The number of spiked probe MPs > 20 um was determined as
described above for the colored probe MPs and ranged from ~250 to
~1’000. For the smaller MPs (6 pym probe MPs and 11 um surrogate
standards), the number of spiked MPs was derived from dilutions made
from certified stock suspension. The experimental details are described
in the SI (Section 5). Approximately 40’000 and 10’000 of the 6 and
11 ym probe MPs, respectively, were added.

All experiments were conducted in triplicates. In the kinetic experi-
ments, only the supernatant was collected and investigated for the
presence of probe MPs. This approach was chosen to reduce the number
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Fig. 1. Schematic of (A) the experiments addressing the removal of microplastic particles (MPs) during the activated sludge process (removal experiments) and (B)
the experiments to evaluate the kinetics of the formation of heteroagglomerates between MPs and sludge flocs and to estimate the relative importance of differential
sedimentation and fluid shear regarding the formation of heteroagglomerates (kinetic experiments). Control experiments were conducted in DI water (not shown).

of samples to analyze, as results from the removal experiments showed samples are summarized schematically in Fig. 2 and described in more
that supernatant analysis provided complementary information to detail in the following sections.
sedimented sludge analysis. The relevant data of these experiments are
listed in respective run tables in the SI (Table S3, S4, S5, and S6). 2.4.1. Supernatants
The supernatants collected in 600 mL glass beakers were sonicated
2.4. Sample processing and quantification of the microplastic particles for 30s in an ultrasonic bath (Biolock 88155 Ultrasonic Cleaner,
35kHz) to facilitate their subsequent filtration through a 47 mm
The processing steps for supernatants and sedimented sludge diameter steel mesh with a nominal 25 um pore size cutoff. The solids
Filtration Filtration Optical microsco
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Fig. 2. Schematic of the processing steps to extract the probe microplastic particles (MPs) from the experimental samples. Additions of surrogate standards are
indicated by the green dots.
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and MPs retained on the mesh were resuspended by immersing the steel
mesh in ethanol in a glass beaker while sonicating for 30 s in an ultra-
sound bath. The suspension was then filtered on a 47 mm Anodisc filter.

In the experiments using MPs smaller than 25 pm, stainless steel
sieves deemed impractical to isolate the MPs from the supernatants.
Therefore, the supernatants were incubated with HyO5 to digest remains
of organic material / flocs from the activated sludge, instead of filtering
the samples on a stainless steel mesh. For the digestion, 40 mL of H,O5
were added to the glass beakers containing the supernatants. One mL of
FeSO4 (2 mM) was added to catalyze a Fenton reaction and 1 mL of
protecatechuic acid (2 mM) to prevent the precipitation of iron colloids.
The reaction was conducted in an incubator-horizontal shaker (Hei-
dolph, Unimax 1010) at 40°C and 100 rpm for 24 h. The digested
samples were sonicated for 30 s and afterwards filtered on 47 mm
Anodisc filters.

For the quantification of the probe MPs as well as the surrogate
standards > 20 ym on Anodisc filters, the entire surface area of the
Anodisc filters was imaged with an automated optical microscope (VHX-
7000, Keyence, Japan) and both probe MPs and surrogate standards
were identified based on their unique colors and shapes. For the fluo-
rescent probe MPs and surrogate standards (< 20 um), a fluorescence
adapter was mounted on the optical microscope and an area covering
27-48 % of the total filter surface was imaged (Table S5). The number of
fluorescent probe MPs and surrogate standards quantified on the
analyzed filter area was then scaled to the total filter area. Examples of
Anodisc filters following filtration of supernatants are provided in
Figures S5, S7, and S8.

2.4.2. Sedimented sludge

Sedimented sludge, referring to the sludge that accumulated at the
bottom of the separation funnel after 30 min of sedimentation, was
collected in a 600 mL glass beaker. The sedimented sludge was then
transferred into two 50 mL centrifugation tubes and centrifuged at
2’100 x g for 10 min to dewater it. The volume of sedimented sludge
sometimes exceeded the volumes of the centrifugation tubes by 5 to
10 mL. In this case the ‘excess’ volume of sedimented sludge was kept in
the glass beaker. The supernatant resulting from the centrifugation,
referred to as centrifuged supernatant, was transferred into another
600 mL glass beaker and processed as described above (Section 2.4.1).

The sludge pellets formed after centrifugation in the two centrifu-
gation tubes were combined by rinsing them with a total of 40 mL of
H»0; into the glass beaker where the sedimented sludge was collected.
One mL of FeSO4 (2 mM), and 1 mL of protecatechuic acid (2 mM) were
added to the beaker to catalyze a Fenton reaction as described in section
2.5.1 and Fig. 2. Following a reaction time of 24 h at 40°C, the sus-
pensions were sonicated for 30 s and afterwards filtered through a
47 mm steel mesh (pore size 25 um). The mesh was immersed in 200 mL
of ethanol in a glass beaker and sonicated for 30 s to resuspend the solids
and the MPs retained on the mesh. Three aliquots of each 20 mL (cor-
responding to 3 x10 % = 30 % of the total volume of the suspension)
were filtered on three separate Anodisc filters for automated MP
detection using optical microscopy. The MPs were quantified as
described in 2.4.1 and the total number of MPs in the sludge pellets were
extrapolated from the total number of MPs detected on the three Anodisc
filters which corresponded to 30 % of the sludge pellets.

The total number of probe MPs in the sedimented sludge corresponds
to the sum of the probe MPs in the supernatant of the centrifuged sludge
(centrifuged supernatant) and the probe MPs detected in the sludge
pellets. An example of an Anodisc filter resulting from the sludge pellets
is provided in Figure S6.

2.5. Surrogate standards for quality assurance and quality control (QA/
QC) measures

After separating the supernatant, the centrifuged supernatant and
the sludge pellets following the heteroagglomeration experiment, a
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known number of surrogate standards were added individually to these
compartments (the same method as described in Section 2.4.1 was
applied to quantify the amount of surrogate standards that was added).
The purpose of this approach was to assess the potential losses of probe
MPs during further sample processing (Fig. 1 and Fig. 2), as described in
[35]. The surrogate standards were unambiguously identified by their
unique color or fluorescence which allowed their quantification in the
different compartments (supernatant, sludge pellet, and centrifuged
supernatant). For example, in experiments using red PE spheres as probe
MPs, blue PE spheres were used as surrogate standards (Table 1). Sur-
rogate standards recoveries are reported but were not used to correct the
recoveries of the probe MPs.

The number of spiked and recovered surrogate standards is provided
in Table S2, S3, S4, S5, and S6. In control experiments where neither
probe MPs nor surrogate standards were spiked to the activated sludge
(n = 3), neither probe MPs nor surrogate standards were identified,
demonstrating that background MPs from the activated sludge did not
result in false positives (SI, section 12).

2.6. Experiments to determine the total suspended solids (TSS)

The TSS mass concentration of the activated sludge that was
collected from the WWTP was determined on the day of the experiment
according to the standard method [5]. The details are described in the SI
(Section 11). This TSS concentration was corrected for the addition of DI
water (5 mL for the removal experiments and 5 mL for each probe MP
type in the kinetic experiments, summing up to either 10 or 15 mlL,
depending on the number of different probe MPs) that was added when
spiking the MPs to the Schott bottles used for experiments with the
activated sludge (Table S7). Additionally, analogous experiments were
conducted (200 mL sludge, 120 min of aeration and mixing time,
30 min of sedimentation) using the same activated sludge as used for the
removal experiments, but without spiking neither probe MPs nor sur-
rogate standards. These experiments provided information about the
TSS content of the supernatant and of the sedimented sludge.

3. Results and discussion
3.1. UV-light irradiation of microplastic particles

UV-light irradiation of the MPs over 500 h led to a variable bleaching
of the purple PS probe MPs (100 um), whereas the colors of the red PE
(60 um) and the blue of PVC (40 um) remained unaffected (Figure S1).
Scanning electron microscopy images of selected pristine and UV-light
irradiated probe MPs showed that UV-light irradiation had little effect
on particle surface morphology (Figure S1). The results of ATR-FTIR
measurements (Figure S4) supported the findings from the microscopy
analyses: the CI of PS significantly increased (Student’s t-test, p-value =
3.4-107°) after UV-light irradiation whereas the latter had no effect on
the CI of PE and PVC (p-values > 0.2, Fig. 3).The CI increase for probe PS
100 um MPs suggests the formation of carbonyl groups, reflecting
oxidation reactions on the PS surface. Several studies have reported that
an increase in CI is correlated with a decrease in water contact angle,
suggesting that the particle surface became increasingly hydrophilic
[15,3,40,9]. The ATR-FTIR measurements thus strongly suggest that
UV-irradiation rendered PS more hydrophilic while PE and PVC most
likely remained hydrophobic. The reason for the higher degree of
weathering observed for PS compared to the other MP types is most
likely the phenyl ring which efficiently absorbs UV and visible light. This
leads to radicals formation and chain scissions accelerating the polymer
degradation [16].

3.2. Removal experiments

These removal experiments (120 min aeration and mixing, followed
by 30 min of sedimentation) aimed to mimic an activated sludge process
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Fig. 3. Carbonyl Indices (CI) of pristine (n = 6) and UV-light irradiated (n = 6) (A) polyethylene (PE) 60 um, (B) polyvinyl chloride (PVC) 40 um, and (C) poly-
styrene (PS) 100 um probe MPs. The horizontal line at the center of each box corresponds to the median value. The bottom and top of each box indicate the 25th and
75th percentiles. Outliers are indicated by a "+ * if they are 1.5 times (75th — 25th percentiles) above the top or below the bottom of the boxes. The whiskers connect
the box to the last non-outlier values. Individual measurements points are indicated with blue dots.

in full-scale WWTPs, with an aeration reactor followed by a secondary
clarifier. In the following, we first present the data on the recoveries of
the surrogate standards and then discuss the transfer of the different MP
types from the wastewater to the sludge during the activated sludge
process.

3.2.1. Recoveries of surrogate standards

The recoveries of surrogate standards were above 70 % (Fig. 4A-C),
except for the bottom layer sample in the experiment with DI water and
probe PE 60 um MPs, in which only about 60 % of the added surrogate
standards were recovered. However, the recoveries of 60 % of the sur-
rogate standards do not substantially affect the overall number balance
as only 2 % of the probe PE 60 um MPs added in this experiment were
found in the bottom layer (Fig. 4D). Although surrogate standards re-
coveries of 70 % may appear low, they align well with the few available
data on recoveries reported previously [20,7]. Note that most MP
studies still lack number-based MP recoveries.

3.2.2. Removal of pristine probe microplastic particles (40 to 100 um) in
deionized water

In the control experiments conducted in DI water to determine the
distribution of probe MPs in the water column without activated sludge,
half of the liquid volume (~110 mL) was withdrawn from the bottom of
the separation funnel at the end of the experiments to constitute the
bottom layer. This volume corresponds to the volume of sedimented
sludge removed in experiments conducted with activated sludge (Fig. 4).
The remaining water in the funnel (~110 mL) constituted the upper
layer in Fig. 4. Experiments with DI water were only conducted with
pristine probe MPs.

More than 80 % of the probe PE 60 um MPs added floated to the
upper layer (Fig. 4D), whereas less than 2 % were found in the bottom
layer. This finding is consistent with PE being slightly positively buoyant
and thus, the majority of the probe PE 60 um MPs was expected in the
upper layer. Considerably larger percentages of added probe PVC 40 um
and probe PS 100 um MPs (i.e., 33 % and 45 % of the added probe MPs,
respectively) were found in the bottom layer. The percentages of MPs
detected in the bottom layer correspond to the fractions expected to
settle gravitationally in the absence of heteroagglomeration with sludge

flocs. Both PVC and PS have a higher density than water and following
calculations using Stokes’ law (Figure S13), should have sedimented to
the bottom layer of the funnel (distance to reach the bottom layer:
15 cm) within the settling time of 30 min. However, the high interfacial
binding energy of hydrophobic probe MPs such as PS and PVC, to the air-
water interface may explain their presence in the upper volume [2].
Pristine PVC fragments had a rough surface morphology (Figure S1)
which may contain tiny gas bubbles [13]. Gas bubbles would also have
lowered the effective density of the PVC fragments and may thus explain
the presence of probe PVC 40 um MPs in the upper part of the funnel.

3.2.3. Removal of pristine probe microplastic particles (40 to 100 um) in
activated sludge

In experiments conducted with activated sludge, more than 80 % of
the spiked probe PE, PVC, and PS MPs were recovered (Fig. 4E). At least
90 % of the probe MPs recovered were associated with the sedimented
sludge (centrifuged supernatant and sludge pellet combined, Fig. 4H)
demonstrating the efficient transfer of the probe MPs into the sludge
matrix. These MPs have sedimented along with the sludge flocs likely
through the formation of heteroagglomerates, suggesting that hetero-
agglomeration plays a key role in the transfer of MPs from wastewater to
sludge.

The impact of the heteroagglomeration is most obvious for the probe
PE 60 um MPs. This is related to the density of the probe PE 60 um MPs,
which is lower than the density of water. Thus, in the absence of water,
only a negligible amount of probe PE 60 um MPs were found in the
bottom layer (in experiments conducted with DI water), and the for-
mation of heteroagglomerates resulted in an efficient accumulation of
the PE MPs in the sewage sludge. This topic is discussed in more detail in
Section 3.3.6 (Mechanisms of heteroagglomeration in activated sludge).

The sludge centrifugation resulted in a release of about 10 % of the
probe PE 60 um MPs from the sludge flocs and the majority of the probe
MPs remained attached to the sludge flocs. The released probe PE 60 ym
MPs buoyantly rose to the water surface and were, thus, detected in the
centrifuged supernatant (Fig. 4E). The dominant fraction of MPs
remained attached to the sludge flocs further supporting the hypothesis
that MP - flocs heteroagglomerates were formed during the simulated
activated sludge treatment. Given that the densities of PS and PVC
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Fig. 4. Recoveries of surrogate standards spiked individually to the supernatant, the centrifuged supernatant, and the sludge pellets before further processing of the
samples (A-C). Fractions of the probe MPs (polyvinyl chloride (PVC, 40 um), polystyrene (PS, 100 um) and polyethylene (PE, 60 um)) summed over the three
compartments (supernatant, centrifuged supernatant, and sludge pellet), relative to the total amount of probe MPs spiked (D-F). Fractions of the probe MPs (PVC
(40 pm), PS (100 pm) and PE (60 um)) summed over the three compartments (supernatant, centrifuged supernatant, and sludge pellet), relative to the total amount of
probe MPs detected (G-I) Note that surrogate standard recoveries represent quality control / quality assurance measures and address the sample losses related to
processing of different matrices. The cumulative recoveries of the probe MPs represent the overall recoveries of spiked probe MPs. Individual panels refer to ex-
periments with pristine probe MPs in deionized (DI) water (A, D, G), pristine probe MPs in activated sludge (B, E, H), and UV-light irradiated probe MPs in activated
sludge (C, F, I). The total number of probe MPs that sedimented in the funnel corresponds to the sum of the probe MPs quantified in the supernatant of the centrifuged
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corresponds to the sedimented sludge, whereas the volumes of the upper and the bottom layers are ~110 mL each. Error bars represent the standard deviations (1 x
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exceed that of water, the respective MPs were only found in the sludge
pellet and were absent in the centrifuged supernatants (Fig. 4E).

100 um MPs recovered in the sedimented sludge (> 90 %) was higher
than that of pristine probe PS 100 um MPs recovered (80 %, Fig. 4E/F).
This can be explained by the higher surrogate standards recoveries ob-

3.2.4. Removal of UV-light irradiated probe microplastic particles (40 to
100 ym) in activated sludge

Similar trends as observed for the experiments with pristine probe
MPs were observed in the experiments with UV-light irradiated probe
MPs in activated sludge: More than 80 % of the added probe MPs were
recovered (Fig. 4F), of which most (> 90 %) were associated with
sedimented sludge (Fig. 41). The number of UV-light irradiated probe PS

tained for the experiments conducted with the UV-light irradiated probe
PS 100 pm MPs compared to the experiments conducted with pristine
probe PS 100 um MPs (Fig. 4 B/C). The observed differences in probe PS
100 um MPs recoveries, thus, rather reflect different losses of probe PS
100 um MPs during sample processing than chemical changes induced
by UV-light irradiation. The relative fraction of added probe MPs
recovered in the supernatant was highest for PE (10 %), followed by PS
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(4 %) and PVC (3 %) (Fig. 4I). Similar results were also obtained from
the experiments conducted with the pristine probe MPs (Fig. 4H), sug-
gesting that UV-light irradiation did not affect the transfer of the MPs to
the sludge matrix during the activated sludge process.

3.2.5. Microplastic particle recovery versus total suspended solids

The fractions of pristine and UV-irradiated probe MPs recovered
from the supernatant relative to the total number of probe MPs recov-
ered (from Fig. 4H-I) were plotted against the mass of TSS in the su-
pernatant relative to the total mass of TSS in the activated sludge
(Fig. 5). The data points for PS and PVC project close to the 1:1 line
(Fig. 5), indicating that the probe MPs found in the supernatant were
associated with the (residual) suspended flocs (i.e. the TSS in the su-
pernatant). Furthermore, the probe PS 100 um or PVC 40 ym MPs con-
centration (#probe Mps g'fsls) in the supernatant was similar to the probe
MPs concentration in the sedimented sludge (Table S7). This finding
indicates an even loading of the TSS with MPs, further supporting the
hypothesis that MPs undergo efficient heteroagglomeration. However,
the data points for PE project above the 1:1 line in Fig. 5 (inset), sug-
gesting that some probe PE 60 ym MPs remained freely dispersed in the
supernatant.

The experiments were conducted at different activated sludge con-
centrations ranging between 1.8 and 4.1 gTSS L. Yet, the probe MPs
(being pristine or UV-light irradiated) efficiently heteroagglomerated
with the sludge flocs and accumulated in the sedimented sludge to a
similar extent (Table S7). Given that the concentrations of TSS in full-
scale activated sludge systems usually range between 2 and 4 gTSS
L~ [44], the activated sludge process is expected to efficiently transfer

Journal of Hazardous Materials 498 (2025) 139875

the MPs from the wastewater to the sludge at all conditions.

This set of (removal) experiments demonstrated that after 120 min of
mixing and aeration and followed by 30 min of sedimentation, > 90 %
of the probe MPs recovered were found in the sedimented sludge, in-
dependent of polymer type (PS, PE, PVC), shape (sphere or fragments) or
whether the probe MPs were pristine or UV-light irradiated. However,
with 8-10 % of the probe PE 60 um MPs remaining in the supernatant,
the PE fraction in the supernatant was higher compared to respective
fraction of TSS remining in the supernatant (2-4 %).

Since only one aeration and mixing time point was tested, the ki-
netics of the formation of heteroagglomerates between probe MPs and
sludge flocs and the minimum aeration and mixing time required to
reach a steady-state (i.e. constant concentrations of MPs in the super-
natant) were not accessible. Therefore, we conducted additional ex-
periments with varying aeration and mixing times but maintaining the
sedimentation time constant (30 min).

3.3. Kinetic experiments

Kinetic experiments with aeration and mixing times ranging from
0 min to 120 min followed by a constant sedimentation step of 30 min
were conducted. The probe MPs were quantified in the resulting su-
pernatants (Fig. 1 and Fig. 2). In addition to the set of probe MPs used in
the previous experiments, the size range of the probe PE and PS MPs was
expanded to 6 — 580 pm, allowing a more detailed assessment of the
impact of the MP size on the heteroagglomeration kinetics. Optical
images of the probe MP-sludge flocs heteroagglomerates are provided in
the SI (Section 9, Figures S9-S12).
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Fig. 5. Pristine and UV-light irradiated probe microplastic particles (MPs; polyethylene (PE), polyvinyl chloride (PVC) and polystyrene (PS)) quantified in the
supernatant (filled circles) or sedimented sludge (filled diamonds) relative to the total number of probe MPs recovered in the experiments against the mass of total
suspended solids (TSS) measured in the supernatant or in the sedimented sludge relative to the total mass of TSS in the activated sludge. The inset (yellow square)
shows the polymer specific data for the supernatants. The error bars refer to the standard deviations (1 x ¢, n = 3). The dashed line corresponds to a 1:1 ratio.
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3.3.1. Recoveries of surrogate standards

The recoveries of the surrogate standards from all kinetic experi-
ments were mostly above 80 % (Fig. 6E-H). The more pronounced var-
iations in recoveries ranging from 70 to 130 % from the smallest
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surrogate standards (Fig. 6G) reflect the uncertainties in the analysis of
recovered MPs < 20 um (e.g., the number of particles spiked was esti-
mated based on the pipetted volume of the stock suspension, see section
2.6.2, and the number of particles recovered was extrapolated based on

Surrogate standards
Green PE 60 um

T T I T I I T T I
100 -
e s ¢ .
50 - —
0 1 | 1 1 | 1 1 | 1
0 15 30 45 60 75 90 105 120
Aeration and mixing [min]
Surrogate standards
Green PE 60 ym
I I I I I I I I I
100 —& i E ® §—
50 - -
0 1 1 | 1 1 | 1 1 |
0 15 30 45 60 75 90 105 120
Aeration and mixing [min]
Surrogate standards
Fluorescent PS 11 ym
O r—T—T—T T T T T 7
(] ® }
100 -
50 - -
0 | | | | | | | IG |
0 15 30 45 60 75 90 105 120
Aeration and mixing [min]
Surrogate standards
Pink PE 540 ym
I T T I I T I I T
100- @9 ® o ° e
50 - -
0 | | 1 | | 1 | | 1

0 15 30 45 60 75 90 105 120
Aeration and mixing [min]

Fig. 6. Number of probe microplastic particles (MPs) quantified in the supernatant relative to the number of probe MPs added in experiments conducted with (A)
pristine probe MPs (40 to 100 um), (B) UV-light irradiated probe MPs (40 to 100 um), (C) pristine probe MPs (6 and 24 um), and (D) pristine probe MPs(460 and
580 um) plotted against the aeration and mixing time. Note that all experiments included a 30 min sedimentation step that followed the indicated aeration and
mixing times. Panels A and B address the impact of MP type, morphology and extent of UV-light irradiation, and panels C and D address the impact of MP size on the
removal efficiencies. Corresponding recoveries of surrogate standards spiked to the supernatants are given to the right. The following surrogate standards were used:
(E) and (F): green PE (60 pum), (G): fluorescent PS (11 um), and (H): pink PE (540 um). The error bars correspond to one standard deviation (n = 3).
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a subsampled area of the filter, see Section 2.4). Conversely, the re-
coveries of the largest surrogate standards (540 um) were between 95
and 100 % (Fig. 5H).

3.3.2. Kinetics of heteroagglomeration of pristine probe MPs (40 to
100 pm)

Already after the shortest mixing and aeration time, denoted as
0 min (which however included a 30 min sedimentation time), only a
small fraction of the probe MPs added (i.e., 26 % of PE, 11 % of PS, and
14 % of PVC) was recovered from the supernatant (Fig. 6A). Extensive
removal resulted from both the sedimentation of the probe PS 100 pm
and PVC 40 um MPs themselves (densities > 1 g cm’3), and the differ-
ential settling of probe MPs and sludge flocs, which likely led to the
formation of heteroagglomerates. Limited mixing occurred during
sample manipulation, which may also have resulted in the formation of
heteroagglomerates. However, sample handling and the settling time of
30 min were identical for all experiments and, thus, had the same
contribution to the observed removal kinetics. Within the first 5 min of
aeration and mixing, the fraction of probe MPs in the supernatant
decreased monotonously (Fig. 6A) indicating their increasing removal
by heteroagglomeration with the sludge flocs, facilitated by mixing-
induced fluid shear.

After ~5 min of aeration and mixing, the fraction of the added probe
MPs that remained in the supernatant leveled off at values ~5 % for PS
and PVC, and ~13 % for PE and further increase in mixing times did not
result in additional removal of the spiked probe MPs from the super-
natant (Fig. 6A). We ascribe this leveling off at non-zero values to het-
eroagglomeration being a reversible process. The steady state
corresponds to the dynamic equilibrium between the formation and
breakup of the heteroagglomerates [6] and to the amount of flocs-MPs
heteroagglomerates that remain in the supernatant after 30 min of
sedimentation. The fraction of total probe MPs added remaining in the
supernatant was as follows: PE > PS ~ PVC, which is consistent with
what was observed in the experiments with 120 min of mixing and
30 min of sedimentation time (Fig. 4).

3.3.3. Kinetics of heteroagglomeration of UV light irradiated probe MPs (40
to 100 um)

The results of the kinetic experiments conducted with UV-irradiated
probe MPs (40 to 100 pm) followed similar trends as observed for the
pristine MPs (40 to 100 um) (Fig. 6B). At the shortest aeration and
mixing time evaluated, around 30 % of the spiked PE and 10 % of the
spiked PVC were found in the supernatant. The fraction of PS, however,
was already close to 5 % at this first time point, suggesting an almost
instantaneous and complete formation of heteroagglomerates followed
by their removal through sedimentation. During the first ~5 min of
aeration and mixing followed by the 30 min sedimentation step, the
fraction of probe PE 60 ym and PVC 40 um MPs in the supernatant
sharply decreased to values around 15 % and 5 %, respectively, simi-
larly as observed for the experiments conducted with the pristine probe
MPs. After this initial decrease, the fraction of UV-light irradiated probe
MPs quantified in the supernatant remained constant (Student’s test,
p > 0.05).

The removal kinetics during the first 5 min were, thus, similar for
UV-light irradiated and pristine probe PE and PVC MPs but differed for
the UV-light irradiated probe PS 100 um MPs compared to their pristine
analogues. This is consistent with the fact that only probe PS 100 um
MPs displayed changes in properties after UV- light irradiation. To help
rationalize the differences in heteroagglomeration for the probe PS
100 um MPs, the zeta-potential of pristine (-3.8 + 1.6 mV, n = 6) and
UV-light irradiated PS (-4.9 + 0.6 mV, n =6) were determined in
treated wastewater as surrogate for the water matrix used in these ex-
periments (SI, section 13). The similarity of these values (Student’s t-
test, p-value = 0.14) indicates that the difference in negative charge is so
small that it unlikely explains the different kinetic behavior between
pristine and UV-light irradiated probe PS MPs.
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Based on the increased CI of the UV-light irradiated probe PS 100 pm
MPs, the PS became more hydrophilic than their pristine analogues. A
fraction of the pristine, and, thus, hydrophobic probe MPs may have
remained at the water-air interface and, therefore, only have had limited
contact with the sludge flocs during the initial stage of mixing. By
comparison, the UV-irradiated and, thus, more hydrophilic probe PS
100 ym MPs were probably evenly dispersed in the activated sludge.
This would result in more frequent contacts and faster formation of
heteroagglomerates with the sludge flocs from the onset of the experi-
ment, which may explain the more rapid removal of the UV-light irra-
diated compared to the pristine probe PS 100 um MPs.

3.3.4. Kinetics of heteroagglomeration of small pristine probe microplastic
particles (6 to 24 ym)

The smaller pristine probe MPs (6 to 24 um) exhibited a pattern
similar to those of the pristine and UV-light irradiated probe MPs (40 to
100 pm) (Fig. 6C). With minimal mixing (t = 0 min), 32 % of the probe
PS 6 um MPs and 27 % of the probe PE 24 ym MPs added were recovered
from the supernatant. These fractions decreased rapidly and stabilized at
a plateau of ~13 % after 5 min of aeration and mixing for the probe PE
24 ym MPs and at ~10 % after 15 min for the probe PS 6 ym MPs. The
longer times for the smallest probe MPs needed to attain steady state
conditions likely results from the smaller sizes of the probe PS 6 um MPs,
lowering the collision probability and thus, collision frequency with the
sludge flocs and therefore slowing down the heteroagglomeration pro-
cess [17]. The residual amounts of PE and PS in the supernatant after
120 min were similar to those observed for the larger MPs (40 to
100 pm) discussed above, indicating that small MPs (6 um in our study)
and larger MPs (40 and 100 um) are equally well transferred from the
wastewater to the sludge during the activated sludge process.

3.3.5. Kinetics of heteroagglomeration of large pristine probe MPs (460 and
580 um)

The heteroagglomeration pattern of the large, pristine MPs (460 and
580 um) was different from that observed for smaller MPs. At t = 0 min,
the fraction of total probe MPs added in the supernatant was ~3 % and
33 % for probe PS 460 ym and PE 580 um MPs, respectively (Fig. 6D).
This fraction remained constant for the probe PS 460 um MPs over all
experimental mixing and aeration times (Student’s t-test, p > 0.05). The
very efficient removal of PS can be attributed to their large size and
negative buoyancy that resulted in their rapid sedimentation during the
settling phase. On the other hand, the fraction of probe PE 580 um MPs
remaining in the supernatant reached ~23 % after 120 min of mixing
and aeration, although the difference with t = 0 min was not significant
(Student’s t-test, p > 0.05). Even assuming an efficient hetero-
agglomeration between probe PE 580 um MPs and sludge flocs, it is
possible that some of the resulting heteroagglomerates were positively
buoyant and, thus, remained in the supernatant during the settling
phase.

3.3.6. Mechanisms of heteroagglomeration in activated sludge

To further explore the mechanisms that led to the accumulation of
probe MPs in the sedimented sludge, data from the following experi-
ments were considered: i) blank experiments conducted in DI water, ii)
kinetic removal experiments at timepoint ty, and iii) kinetic removal
experiments once steady states conditions were reached. We have
summarized the relevant data in Table S8.

Due to the density of probe PE 60 um MPs, which is lower than the
density of water, all of them were found in the upper layer in the blank
experiments conducted in DI water. In the presence of sludge flocs
(timepoint t( in kinetic removal experiments), only 25 % of the probe PE
60 um MPs were found in the supernatant. The presence of the sludge
flocs, thus, resulted in the removal of 75 % of the probe PE 60 ym MPs,
most likely through the formation of heteroagglomerates induced by
differential settling. However, based on our experimental setup - which
was primarily designed to assess the differences in removal efficiencies
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as a function of probe MPs properties — we cannot rule out, that a
fraction of the MPs that were removed during the sedimentation phase
were dragged along (co-sedimented) with the sludge flocs without
interacting with the flocs. However, the low (absolute) zeta potential
that we determined for the MPs in filtered wastewater matrix, ruled out
repulsive (electrostatic) forces and, thus, only attractive (e.g., van der
Waals) forces remained. We, therefore, speculate that the contact be-
tween probe MPs and sludge flocs (caused by differential settling) also
resulted in the formation of heteroagglomerates. After reaching steady
state conditions, about 15 % of the probe PE 60 um MPs remained in the
supernatant and therefore, an additional 10 % of them were removed
due to the formation of shear induced heteroagglomeration. Therefore,
85 % of the probe PE 60 um MPs were heteroagglomerated with sludge
flocs. Similar removal fractions can also be anticipated for the probe PE
24 um MPs, although blank experiments are not available for these
particles.

The above considerations are difficult to directly transfer to the
probe PVC 40 um MPs and the probe PS 100 um MPs due to the (effec-
tive) density of the respective MPs. Assuming a density of
1.2-1.4 g cm 2 for PVC and 1.05 g cm™ for PS, all these probe MPs
should have been removed by gravitational settling in experiments
conducted in DI water assuming Stokes’ law (see SI Section 10). The
effective density of the MPs, however, may have differed from the
theoretical values for various reasons (e.g., gas bubbles attached to
rough surfaces) as discussed in Section 3.2.2. Therefore, 70 % and 55 %
of the probe PVC 40 um MPs and of the probe PS 100 ym MPs were
found in the upper layer in the experiments conducted in DI water. At
the timepoint to in kinetic removal experiments, the fraction of the
respective probe MPs decreased to 15 % and after reaching steady state
conditions the fraction in the supernatant decreased further to 5 % for
both MP types. Assuming that the results from blank experiments and
from experiments conducted in activated sludge matrix are independent
and additive, it can be argued that of the 70 % and 55 % of probe PVC
40 um MPs and of the probe PS 100 um MPs, respectively, remaining in
the upper layer after the DI experiments, 80 % and 75 % were removed
due to heteroagglomeration caused by differential settling. This resulted
in the observed 15 % of the respective probe MPs found in the super-
natant at timepoint ty in the kinetic removal experiments (Table S8).
Although the estimated fractions of MPs removed by differential settling
for the probe PVC 40 pm (80 %) and for probe PS 100 um (75 %) are in
good agreement with the 75 % estimated for the probe PE 60 ym MPs,
the above assumptions are difficult to justify, as the probe MPs that
gravitationally settled in DI water may also have heteroagglomerated
due to differential settling in the presence of sludge flocs. Unfortunately,
our blank experiments are unsuitable to quantitatively distinguish be-
tween the impact of gravitational settling of probe MPs and settling of
probe MPs - floc heteroagglomerates formed by differential settling.
Despite these uncertainties, our experimental results on removed probe
MPs fractions (Table S8) combined with the low zeta potential deter-
mined for the probe MPs in filtered wastewater matrix, suggest that the
formation of heteroagglomerates followed by their sedimentation
dominated the removal of MPs during the activated sludge process. This
is, furthermore, in qualitative agreement with sludge flocs imaged at the
end of the experiments (Figs. S9-S12), showing probe MPs almost
exclusively associated with the sludge and only rarely in the liquid
phase.

3.4. Relative affinity of probe microplastic particles to sludge flocs

We used the results from the kinetic (time resolved) experiments to
estimate the relative affinities of the probe MPs to the sludge flocs. This
relative affinity corresponds to the product of af(ng,B)B (simplified as
apB in the following text), where « is the attachment efficiency of MPs to
the sludge flocs, B is the concentration of sludge flocs, approximated
using the TSS concentration of the activated sludge, and p(ny, B) is the
collision frequency which depends on the initial number of probe MPs
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(np) and on B. The relative affinity can be estimated based on the
number of probe MPs that were quantified in the supernatant ng,, after
increasing aeration and mixing time and maintaining the same sedi-
mentation time of 30 min, relative to the total amount of probe MPs
added to the system (ng), using the following equation:

@

ln< Mo ) — ap(ny, B)Bt
Nsup

At the beginning of the experiment, the formation of hetero-
agglomerates is more important than their breakup. This results in a

linear relationship between In (ﬁ) and mixing and aeration time t,

with the slope corresponding to the relative affinity of the probe MPs to
the sludge flocs [46,6].

The initial increase of In <ﬁ) against time from O to 5 min can be

described with a straight line for all pristine MPs smaller than 100 um
and for UV-light irradiated PE and PVC (Fig. 7A-C and E-G), reflecting
the increasing formation of heteroagglomerates during the first 5 min.
For UV light irradiated PS probe MPs (Fig. 7B and F), the kinetics were
too fast to be resolved using our experimental approach, and steady state
conditions seemed to have established already after minimal mixing
times (caused by sample handling), followed by 30 min of sedimentation
(see Section 3.3.3). In both kinetic experiments conducted with larger
probe MPs, buoyancy (PE: 580 um) and fast sedimentation (PS: 460 pum)
hampered a kinetic analysis of the experimental results (Fig. 7D and H).

With the exception of UV-light irradiated probe PS 100 pm MPs and
the larger probe PS 460 um and PE 580 um MPs, the slopes indicated in
Table 2, corresponding to the relative affinity of the probe MPs to the
sludge flocs (apB), were within a factor of 2.5 for all MP types between 6
and 100 um. When correcting for the different TSS contents of the
activated sludge (B) from the different experiments, the product of (ap)
remained within a factor of 4 for all MP types (Table 2). It is interesting
to note that aff calculated for 6 um PS is considerably lower than af
calculated for the other MPs. This size effect can be explained by the
reduced collision frequency B, which at these sizes is dominated by the
contribution of fluid shear and differential settling [17]. Since Brownian
motion is negligible for particles larger than a few microns such as the
probe MPs used in our experiments, f is expected to correlate with the
size of the particles. Note that the reduced collision efficiency  only
slowed down the heteroagglomeration process but did not affect the
steady state condition, which is key to the MPs removal.

These results suggest that for the spiked probe MPs of sizes smaller or
equal to 100 pm, the agglomeration behavior was largely independent of
the polymer type, shape, size and only showed a difference for the UV
light irradiated probe PS 100 um MPs. However, despite the difficulties
in assessing the relative affinity of UV-light irradiated PS to sludge flocs,
the UV light irradiation rather accelerated the transfer of MPs to the
sludge than slowing it down. In contrast, large MPs (~500 pm) transfer
to sludge depended on the probe MPs density, with higher density MPs
being removed more efficiently than those with lower density.

3.5. Efficient transfer of microplastic particle to the sludge matrix

The formation of heteroagglomerates between sludge flocs and all
types of probe MPs investigated in this study reached steady state con-
ditions within 15 mins of mixing and aerations followed by 30 mins of
sedimentation. The formation of heteroagglomerates resulted in an
efficient transfer of the probe MPs to the sludge. The time needed to
establish a steady-state is considerably shorter than the hydraulic
retention times in activated sludge systems of full-scale WWTPs [44],
underlining the high efficiency of the activated sludge process to transfer
MPs from wastewater to sludge. The accumulation of MPs in sedimented
sludge is consistent with the efficient removal of MPs in full-scale
WWTPs employing activated sludge systems [12,22,31,32,36,4,42]. It
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Fig. 7. Natural logarithm of the ratio of the number of probe microplastic particles (MPs, polyethylene (PE),) polystyrene (PS), polyvinyl chloride (PVC) added (ng)
to the number of probe MPs quantified in the supernatant (ny;) as a function of aeration and mixing times for (A, B) pristine probe MPs (40 to 100 um) and (C, D) UV
light irradiated probe MPs (40 to 100 um), (C, G) pristine probe MPs (6 and 24 um), and (D, F) pristine probe MPs (460 and 580 um). Panels E, F, G, and H are
enlargements of the areas highlighted in grey in panels A-D, respectively. Note that all experiments included a 30 min sedimentation step conducted after the
indicated mixing and aeration times. Error bars correspond to one standard deviation (n = 3). The dashed lines represent linear models fitted to the data collected for
aeration and mixing times up to 5 min.

Table 2

Parameters (slope (afB) and R?) corresponding to the linear fits of the data shown in Fig. 7. ap was derived by normalizing the slopes (afB) to the sludge concentration
(B) of the respective experiments. a: sticking coefficient, p: collision frequency, TSS: Total suspended solids.

PVC PE PS PVC PE PS PS 6 pm PE 24 ym PS PE
40 pm 60 pm 100 pm 40 pm 60 pm 100 pm Pristine*  Pristine* 460 pm 580 pm
Pristine Pristine Pristine uv- uv- uv- Pristine Pristine
irradiated irradiated irradiated

o-f-B [-] 0.21 0.15 0.14 0.19 0.10 n.a. 0.08 0.15 n.a. n.a.

ap [Lg '] 0.12 0.09 0.08 0.12 0.07 n.a. 0.03 0.05 n.a. n.a.

R? 0.99 1.00 0.85 0.82 0.69 0.93 0.85 -

Sludge concentration (B) 1.71 1.53 2.97 1.58

[gTSS L]

n.a.: not applicable as no kinetic analysis could be performed on the data.

* Values of a-pf(no, B)-B have to be interpreted with care as the initial number of probe microplastic particles (ng) and the sludge concentration (B) differed from the

other experiments.
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is worth noting that due to analytical challenges, reported removal ef-
ficiencies are currently limited to MPs > 20 um. However, our results
predict the same removal efficiencies also for MPs down to at least 6 um.

Before reaching the WWTP, the MPs are transported with the
wastewater along the sewer lines. In addition to serving as a conveyor
belt, the sewer system also acts as a bioreactor [24] and the MPs likely
become coated with organic matter (e.g., proteins and humic acid,
so-called eco-corona [30,48]) and possibly a biofilm (e.g., extracellular
polymer substances), reducing the hydrophobicity of the (pristine) MPs
[45]. As UV-light radiation likely reduced the hydrophobicity of the
probe PS 100 um MPs, and led to an even faster heteroagglomeration of
the probe MPs with the sludge flocs, we speculate that the formation of
an eco-corona will increase the heteroagglomeration rates. At the con-
centration of MPs used in this study, and at currently reported MP
concentrations in sludge systems, sludge properties are not expected to
be affected by the presence of MPs. Nevertheless, several studies
investigated the impacts of MPs on activated sludge processes and
observed changes in performance of the treatment, such as nitrogen
removal [19,47,50]. Although the MP concentrations used in these
studies were higher than what is currently reported in the literature, if
production volumes of plastics and corresponding amounts of MPs dis-
charged to sewer systems are continuing to increase, a MP induced
modification of the floc properties cannot be excluded which may
impact heteroagglomeration processes and the respective kinetics.

The estimation of the number of MPs in wastewater systems, and
especially the number of MPs discharged into surface waters, is
commonly based on quantifying MP contents in WWTP effluent water
[31,38,42,8]. This approach has the advantage that the amounts of MPs
leaving the WWTP are directly quantified. However, large volumes of
(diluted) treated wastewater have to be collected. To accumulate a
sufficiently large number of MPs, dead-end filtration is commonly
applied resulting in frequent filter clogging that may lead to MPs losses
during subsequent filter handling and sample processing. Following our
experimental results, indicating that MPs discharged from WWTPs
correlate to the TSS in the effluent water, we suggest that discharged
amounts of MPs can be estimated based on the MP contents in samples of
activated sludge, in combination with routinely monitored total sus-
pended solids (TSS) in the effluent of WWTPs. For PE MPs, our experi-
mental data showed a slightly higher fraction remaining in the
supernatants compared to the fraction of TSS remaining in the super-
natant. Calculations of discharged amounts of PE MPs based on the PE
contents in activated sludge may therefore tend to slightly underesti-
mate PE MPs in the effluent water. It is expected that the degree of
underestimation will increase with increasing particle size, as observed
for the probe PE 500 um MPs. Particles of such sizes are, however, rarely
observed in WWTP effluents.

Despite these shortcomings, using the MP contents in activated
sludge to estimate the amounts of MPs discharged to surface waters
offers the following advantages: 1) The higher MP (and TSS) contents in
sludge than in the WWTP effluent water allows collecting smaller sam-
ple volumes to reach the same MP content. Assuming typical concen-
trations of 3 g TSS L' in activated sludge and 10 mg TSS L™} in effluent
water, the volume of treated water to be processed would have to be 300
times larger to obtain the same number of MPs associated with the
solids. Sampling activated sludge thus greatly reduces sampling efforts.
2) Given continuous stirring of activated sludge, MPs are expected to be
more evenly distributed in the activated sludge than in the effluent
water. 3) The discharged amounts of MPs from WWTPs over the past
decades may also be assessed by investigating biosolids archives as for
example conducted by Okoffo et al. [33].

4. Conclusion
Variable physical-chemical properties (e.g., polymer type, size,

morphology, and degree of UV-light irradiation) of MPs had only a
minor impact on their behavior in batch experiments simulating the
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activated sludge process. In total, more than 90 % of all spiked MP
variants accumulated in the sedimented sludge after 120 min of mixing/
aeration followed by 30 min of sedimentation. Most of the spiked MPs
(70 — 80 %) were transferred to the sedimented sludge during the 30 min
sedimentation. Fluid shear caused by sludge mixing/aeration resulted in
the accumulation of additional 15 — 20 % of the spiked MPs in the
sedimented sludge. Time resolved experiments (increasing the mixing
time from O to 120 min followed by 30 min sedimentation) i) revealed
similar relative affinities of the MPs to the sludge flocs and ii) demon-
strated that steady state conditions, referring to a constant partitioning
of the spiked MPs between supernatant and sedimented sludge, were
achieved for all MP variants in less than 15 min. Images of sludge flocs
collected at the end of the experiments, in combination with almost
neutral zeta potentials of the MPs, suggest that the accumulation of the
MPs in the sedimented sludge is driven by the formation of hetero-
agglomerates, likely induced by van der Waals forces. The high degree of
MPs removal (70 — 80 %) already observed after 30 min sedimentation
without mixing/aeration suggests that heteroagglomerates are domi-
nantly formed by differential setting and fluid shear only plays a minor
role.

The efficient and to a large extent non-specific heteroagglomeration
of diverse MP types with sludge flocs makes the activated sludge a
suitable collector for MPs. This offers the possibility to estimate the
amount of MP discharged from WWTP to surface waters based on the MP
contents in activated sludge in combination with the total suspended
solids in the effluent.

Environmental Implication

During the activated sludge process, different variants of micro-
plastic particles (MPs) are efficiently transferred from wastewater to
sludge. The removal is driven by the formation of heteroagglomerates,
whereas differential sedimentation is more important than fluid shear.
In time resolved experiments (increasing mixing/aeration times fol-
lowed by 30 min of sedimentation), steady state conditions referring to a
constant amount of MPs remaining in the supernatant were achieved in
less than 15 min. Activated sludge, thus, serves as a non-specific MP
collector allowing to estimate the amount of MPs discharged from
wastewater treatment plants based on the MP contents in the sludge.
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