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Abstract: Wastewater from plastic manufacturing or processing industries is often highly polluted
with microplastics (MPs) and high levels of oxidizable organic matter, which results in a high chemical
oxygen demand (COD). When industrial wastewater enters wastewater streams, the high microplastic
load is a high burden for municipal wastewater treatment plants (WWTPs), as they are not sufficiently
removed. To prevent MP from entering the WWTPs, an upstream prevention method is essential. This
paper presents a pilot-scale plant study for the removal of MP and COD from industrial wastewater
that was tested on-site at a plastic manufacturer in Germany. Eight test phases were performed over
3 months, with each test phase processing 1 m3 wastewater and four treatments. Per test phase,
12 samples were analyzed for 5 parameters: COD, total suspended solids (TSSs), particle count, pH,
and turbidity. The results showed an average decrease in MP by 98.26 & 2.15% measured by TSSs and
97.92 + 2.31% measured by particle count. This prevents the emission of 1.1 kg MP/m? water and an
estimated 2.7 t MP/year. The COD was reduced efficiently by 94.3 & 8.9%. Besides MP and COD,
this treatment allows reuse of water and agglomerates, resulting in a reduction in the CO, footprint.

Keywords: microplastics; microplastic removal; COD removal; industrial wastewater; water reuse;
circular economy; wastewater treatment

1. Introduction

Clean fresh water is the basis for all life on earth. It is necessary for drinking and
sanitation, irrigating crops, for livestock, industry, and providing functional and resilient
ecosystems [1]. The demand for water grows along with the increase in human population,
while at the same time, climate change and human activity are affecting the natural water
cycles, pushing freshwater resources to their limits or beyond [2]. To make water usage
sustainable and relieve the stress on freshwater resources, circular water economy and
appropriate wastewater treatment are essential [3-6]. The European Union wants to support
this goal with the Water Framework Directive and Urban Wastewater Treatment Directive,
which have the goal of restoring and maintaining the good condition of rivers, lakes, and
groundwater and prevent detrimental environmental impacts from urban wastewater
discharges within Europe [7,8].

Modern municipal wastewater treatment plants (WWTPs) are designed to effectively
remove organic contaminants from wastewaters, and if equipped with an additional
treatment stage, phosphorus, which is the main driver of eutrophication of water bodies [9].
Additional contaminants, such as organic and inorganic micropollutants and microplastics,
cannot be sufficiently removed from the sewage treatment plants and pose a major challenge
to the protection of our aquatic ecosystems [6,10-12]. It is therefore essential to avoid the
input of such substances into the wastewater stream by targeting their removal from
point sources such as industrial wastewaters [6,13,14]. Preventing the entry of pollutants
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upstream at the source is always more effective, involves lower costs than removing them
downstream, and ensures that the polluter bears the costs instead of the public [15,16].

In Germany, the discharge of industrial wastewaters is regulated by the German
Federal Water Act and Wastewater Directive [8,17,18]. Requirements for the quality of the
wastewater to be discharged vary among industries and are outlined in the Wastewater Di-
rective, based on the Best Available Techniques reference documents from the Joint Research
Centre of the European Commission [18]. A distinction is made between direct discharges,
where wastewater is released directly into the environment, and indirect discharges, where
wastewater is released into the municipal sewer network and ultimately to the municipal
WWTP [19]. For indirect discharges, there are additional municipal requirements and costs
for the discharge of wastewater into the sewer network. If limit values cannot be adhered
to, the wastewater must be pretreated on-site. However, restrictions on microplastics are
not provided in these regulations; the only relevant restriction is on the total suspended
solids [17]. It is currently the responsibility of the companies themselves to prevent the
release of microplastics.

It is assumed that sewage treatment plants remove 80-99% of microplastics from
wastewater [10,20-23]. Numerous studies show increased microplastic contamination
after wastewater treatment plant discharge points in the aquatic environment, making
them important point sources of microplastics into the environment. This is due to the
high volumes of wastewater released and the extreme microplastic contamination in the
inflowing wastewater, which means that even with a removal rate of up to 99%, the treated
wastewater is still significantly contaminated. Microplastics released in natural water
bodies can be transferred over the water cycle into drinking water and tap water [24].
Further, microplastic removal does not lead to a degradation of the microplastics: the
majority of them end up in sewage sludge, whereby the problem is only displaced [25].
This is particularly problematic when sewage sludge is applied to fields as fertilizer and
transferring the microplastics to terrestrial environments [26]. In Germany, the application
of sludge as fertilizer is often prohibited in order to prevent the transfer of pollutants, e.g.,
heavy metals, micropollutants, microplastics, and nanoparticles, that are in the sewage
sludge to the fields [27]. Instead, the sludge is thermally utilized in combustion systems.

Various commonly applied methods for particle removal have been tested for the
separation of microplastics from wastewater, but due to various drawbacks, such as
high operation costs, maintenance requirements, and a limited adaptably to microplas-
tics, their application is limited and they do not cover the whole mixture of different
polymer pollution.

One method that is often discussed is sand filtration, which shows varying effective-
ness among different studies, ranging from 39.5% to 99.9% [28-32]. Some shortcomings of
sand filtration include the fact that small microplastics can pass through the sand filter [33],
the backwash water and sand must be disposed of when replaced, as well as large space
requirements, and if the system cannot be integrated into the hydraulic gradient of the
water treatment system, additional energy requirements [34,35].

Membrane filtration is also often discussed, as it can remove particles and microplas-
tics efficiently from waters. The primary drawback of the method is that the small pores
required to remove small microplastics more efficiently increase energy consumption and
make the process more prone to malfunction [33]. Membrane scaling and fouling also
increase the energy demand and are associated with high maintenance requirements, and
microplastics are suspected to increase fouling due to their interaction with the mem-
branes [33,34,36]. To avoid scaling, anti-scaling agents need to be applied, and the cleaning
of the membrane uses aggressive chemicals that are costly to dispose of [37]. The potential
release of microplastics due to membrane abrasion has also been discussed [34].

Methods to increase particle size and thus make it easier to remove the particles from
the water are flocculation and coagulation, leading to a more efficient removal, lower
energy demands, and lower operational and maintenance costs, making them more sustain-
able and easy-to-apply methods [28,38]. The main challenge in microplastic flocculation
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and coagulation is the varying surface properties of the countless plastic and polymer
types [38,39]. As the interaction between the microplastic surface and the coagulant or
flocculant is essential for the effectiveness of the process, finding the appropriate coagu-
lants and flocculants is challenging. Further, microplastic surface properties can change
due to the adsorption of dissolved substances or chemical transformations of the plastics’
surface [40]. The chemical composition of the water, dissolved substances, ions, and the
pH all have a strong influence on flocculation and coagulation [38,39]. Thus, results for the
removal of microplastics from waters using flocculation and coagulation vary significantly,
ranging from less than 10% to over 99% [38,40-42].

Due to the various drawbacks and shortcomings of using common particle removal
methods for microplastic removal, numerous novel approaches to remove microplastics
from wastewater have been developed, most of which have only been tested at the labora-
tory scale and hardly applicable on a larger scale [28,39,42]. Examples include magnetic
separation or the application of metal organic frameworks (MOFs) [43,44].

This study presents the application of a novel pilot plant for the removal of mi-
croplastics and the chemical oxygen demand (COD) from the wastewater of an industrial
plastics processor. The aim of the feasibility study is to quantify and evaluate the effi-
ciency of the pilot system for microplastic and COD removal from highly contaminated
industrial wastewater. The overall goal is to prevent microplastics from entering the
wastewater system and reduce the COD load, thereby enabling an easier and more efficient
treatment of the wastewater by the municipal wastewater treatment plant before being
released into the natural water cycle. This reduces treatment costs and creates a positive
environmental impact.

The microplastic removal is based on the physicochemical agglomeration fixation
of microplastics from waters by organosilanes [45-49]. This method has previously been
examined at the laboratory scale, where it yielded highly efficient removal, and has also
been demonstrated in a pilot study using municipal wastewater [45-49]. The COD removal
is carried out via a fixed bed reactor filled with absorbent materials for COD and trace
substance reduction. The pilot-scale plant is operated at a mid-sized plastic processor in
Germany. It is operated as a semi-automated process. Over a period of three months, eight
test phases were performed and analyzed.

2. Materials and Methods
2.1. Pilot Plant

The Wasser 3.0 PE-X® technology is an additional (waste)water treatment unit for
the removal of microplastics and a reduction in COD (Figure 1). The system consists of
a 250 L stainless steel tank with a mechanical stirrer, in which agglomeration—fixation
of the particles takes place. After filling the tank with water, the localization process is
started, forming a vortex. In this vortex, a 200 mL agglomeration reagent (Wasser 3.0
PE-X®, AB930003, abcr GmbH, Karlsruhe, Germany) is added by a dosing pump and the
agglomeration—fixation process takes place.

IBC -
untreated
wastewater

Adsorber Outlet

Agglomera- .
:.i) tion tank :> Belt filter :.:> materials :.:>

fixed bed

. Sampling point

Figure 1. Scheme of pilot plant including sampling points.

In the second step, the separation unit, consisting of a belt filter with a filter fleece
(FIV12-1067, Leiblein GmbH, Hardheim, Germany, material: polyester, pore size: 70-80 um),
removes the formed microplastic agglomerates from the water.
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For the COD reduction, the filtered wastewater is then pumped through a 250 L fixed
bed reactor containing 175 L granulated activated carbon (GAC) (AquaSorb™ 2000 by
Jacobi Carbons, Premnitz, Germany) with a contact time of 10 min. The goal is to reduce the
COD below 1000 mg/L to comply with municipal and federal regulations for the discharge
of wastewater and to avoid additional wastewater fees [8,18,19].

The pilot plant is operated on-site at a full-service provider for pure grinding and
refinement of polymer-based products.

2.2. Test Phases and Sampling

The pilot-scale plant is operated as semicontinuously. This combines the flexibility of
batch systems with the benefits of an automatic transport system. Each test phase of 1 m3
consists of four batches of 250 L, which are processed in a fully automated manner. For each
batch, samples were taken at three different sampling locations (Figure 1): 1st—untreated
wastewater, 2nd—after the belt filter, and 3rd—after the fixed bed reactor. Thus, per 1 m>
test phase, for each of the four batches, three samples were taken, which results in a total
of 12 samples per test phase. The samples were stored at 5 °C and sent via cooled express
shipping to the Wasser 3.0 gGmbH laboratories, where the analyses were performed.

2.3. Analyses

The analyses of the samples included measurements of pH value, COD (DIN ISO
15705-H45), particle count, total suspended solids (TSSs, DIN 38 409-H2-2), and turbidity
(DIN EN ISO 7027).

2.3.1. pH Value

The pH value of the samples was measured using the table pH meter pH 50 VioLab
Set (Dostmann electronic GmbH, Wertheim-Reicholzheim, Germany).

2.3.2. Chemical Oxygen Demand (COD)

The COD was measured using Macherey Nagel’s tube test nanocolor COD 40-15000
(Machery-Nagel GmbH & Co. KG, Diiren, Germany). Macherey Nagel’s tube tests comply
with DIN ISO 15705-H45. For the measurements, the spectrophotometer Nanocolor UV /VIS
II and the thermoblock Nanocolor Vario C2 from Machery Nagel were used.

2.3.3. Particle Count of Microplastics

Due to the processes from which the wastewater originates, it can be presumed that
the particles within the wastewater are microplastics resulting from the industrial process
of plastic grinding. Therefore, a complex microplastic analysis can be replaced by simple
particle counting, as there are only plastic particles in the wastewater.

The particle count was performed by filtration onto a membrane filter (with grid) fol-
lowed by optical counting under a microscope. For easier filtration and a more even particle
distribution onto the filter, highly contaminated samples were diluted with demineralized
water, resulting in a total of 100 mL of solution. Depending on the level of contamina-
tion, a dilution ranging from 1:100 to undiluted was chosen. The samples were filtered
using vacuum filtration onto a white round membrane filter with grid (pore size: 0.45 um,
@ 47 mm, Cytiva Whatmann, Global Lifescience Solutions Operations UK Ltd., Amersham,
UK). After filtration, the membrane filter is stored in a labeled petri dish and inspected
under a Leica DMS300 microscope with Leica LAS X software (version 3.0.1423224, Leica
Mikrosysteme Vertrieb GmbH, Wetzlar, Germany). Photos of 5 squares were taken per filter
and the particles were counted manually. Using the total surface area of the filter and the
used water volume, the particle count was extrapolated to particles/L. The minimum size
of detectable particles is 5 um, determined by the resolution of the microscope.
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2.3.4. TSS—Microplastics by Weight

Another way to determine the level of microplastic contamination is to measure
the particle weight. For this, it is also presumed that the particles within the industrial
wastewater, the suspended solids, are microplastics from the manufacturing process.

The quantitative determination of the TSSs is based on DIN 38 409-H2-2. 125 mm
round filters (MN 640w, retention capacity 7-12 um, Machery-Nagel GmbH & Co. KG,
Diiren, Germany) were used in a vacuum filtration process. The filters were first flushed
with 100 mL demineralized water and dried for 3 h at 105 °C. The dry, empty filters are
subsequently weighed. After weighing, 1 L of the sample is filtered, and the filters are
dried again for 3 h at 105 °C and subsequently weighed. The weight difference between
the full and empty filters results in the TSSs.

2.3.5. Turbidity

The turbidity was measured using the spectrophotometer Nanocolor UV /VIS II from
Macherey Nagel according to DIN EN ISO 7027. For this purpose, empty tubes with an
outer diameter of 16 mm from Macherey Nagel were used (reaction tubes 16 mm OD,
item number 91680, Machery-Nagel GmbH & Co. KG, Diiren, Germany). Ten milliliters
of sample were pipetted into the reaction tube, shaken until homogeneous, placed in the
spectrophotometer, and measured.

3. Results
3.1. pH Value

The average pH value of the untreated samples was 6.70 & 0.36, with the values
ranging between 6.0 and 7.2 (Figure 2). After the belt filter, the average pH value was
6.49 £ 0.57 with a minimum of 5.1 and a maximum of 7.4. After the fixed bed, a pH value of
6.50 £ 0.63 was measured, with values ranging from 5.6 to 8.0. The data indicate that there
is a significant effect of the microplastic removal on the pH value (t-test, paired, two-sided,
p = 0.03), as it is slightly reduced. This may be caused by the water-induced reaction of the
applied organosilanes [49]. The COD removal by the fixed bed has no significant effect on
the pH. The increased pH after the COD removal in test phase one may be due to GAC
material residues after production and insufficient pre-flushing.
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Figure 2. Average pH value of the test phases (1-8) and the mean for all test phases of untreated
wastewater after the belt filter (microplastic removal) and after the fixed bed (COD removal).
n.s. = Not significant, * = highly significant (p < 0.05, f-test, 2 sided, paired).
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3.2. Microplastic Removal by Particle Count

The average particle count of the untreated wastewater was 48 million + 28 million
particles/L (Figure 3). The high standard deviation shows the strong fluctuations in
the contamination level of the incoming water, ranging from 125 million to 10 million
particles/L. Due to the processes from which the wastewater originates, it can be assumed
that approximately all the particles are microplastics resulting from the grinding processes.
Assuming an estimated average of 10 m® wastewater per day, this would result in an
average of 480 billion particles per day.
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Figure 3. Average particle count of the test phases and the mean for all test phases of untreated
wastewater and after the belt filter (microplastic removal)). *** = Highly significant (p < 0.001, t-test,
1 sided, paired).

After the belt filter, the particle count was on average 0.66 million £ 0.54 million
particles/L, ranging from 0.02 to 2.3 million particles/L. This corresponds to an average
reduction of 97.92 + 2.31%. The particle count reduction ranges from 90.8% to 99.9% for all
batches. The low standard deviation shows the stability of the process against fluctuations
in the wastewater composition. Due to the emission of absorbent material caused by the
abrasion of the fixed bed, the particle count cannot be quantified after fixed bed treatment.
The particle reduction can also be seen optically on the microscopic images of the filters
used for particle counting in Figure 4.

3.3. Microplastic Remouval by TSSs

Another way to measure the removal efficiency of the process is by TSS removal
(Figure 5). In the untreated wastewater, the TSSs ranged from 411 mg/L to 2381 mg/L,
with an average of 1068 & 456 mg/L. Similar to the particle count, the incoming wastew-
ater also shows high fluctuations of the TSSs, due to changing plastic refining processes.
With an estimated average wastewater amount of 10 m? per day, this would result in an
average emission of 10.7 kg TSSs/day, which consists mainly of microplastics. Assuming
250 working days per year, this would lead to a release of 2.68 t TSSs/year.
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Figure 4. Microscopic images of the filtered wastewater samples before and after treatment from
test p 8, batch 4. (Top) Overview image. (Bottom) Image of one of the five squares for counting
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Figure 5. Average TSSs of the test phases and the mean for all test phases of untreated wastewater
after the belt filter (microplastic removal) and after the fixed bed (COD removal). *** = highly
significant (p < 0.001, t-test, 1 sided, paired).
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After the belt filter, the average TSS content is 58 + 51 mg/L, with values ranging
from 5.3 mg/L to 192 mg/L. This results in an average removal of 94.6 &+ 3.9%, with a
minimum removal of 85.2% and a maximum removal of 99.4%.

The fixed bed treatment also shows an effect on the TSSs, as it can retain both par-
ticles and agglomerates. The TSS concentrations after the fixed bed range from 0.6 to
85.20 mg/L with an average of 16.34 &= 21.35 mg/L. The average TSS reduction from the
untreated wastewater to the fixed bed effluent and therefore the total treatment process is
98.26 & 2.15%. This is a significantly improved removal compared to the first removal step.
The total TSS removals ranged from 91.5% to 100% for all batches processed. Also here, the
low standard deviation of the removal efficiency (2.15%) shows the stability of the process.

3.4. COD Removal

The initial COD in the untreated wastewater ranges from 1241 mg/L to 10,929 mg/L
with an average of 3562 4+ 2558 mg/L (Figure 6). Thus, like the particle contamination
and TSSs, COD contamination is not constant and there is a fluctuation among the sample
days. After the belt filter, the COD is reduced by 49.55 + 20.72%, corresponding to 564
to 9250 mg/L with an average of 1982 4 2376 mg/L. As the COD is associated with the
amount of dissolved and particulate oxidizable substances, removing the particles reduces
the COD to the amount of only the dissolved substances [50]. Thus, the microplastic
removal step leads to a significant reduction in the COD.
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Figure 6. Average COD of the test phases and the mean for all test phases of untreated wastewater
after the belt filter (microplastic removal) and after the fixed bed (COD removal). *** = Highly
significant (p < 0.001, t-test, 1 sided, paired).

The removal of the dissolved substances from the wastewater is subsequently targeted
by the fixed bed treatment. After the fixed bed, the COD ranged from 3.8 to 3693 mg/L
with an average of 333 + 886 mg/L. Thus, the average reduction was 94.3 £ 8.9% with
a minimum of 65.3% and a maximum of 99.9% COD removal. In the first test phase, the
settings were not yet adjusted correctly, which led to a significantly reduced contact time of
the water with the adsorbent materials in the fixed bed and the lowest COD reduction of
75.3% on average.

The goal to reduce the COD below 1000 mg/L, due to municipal and federal require-
ments, was reached in in all other seven test phases (two to eight), applying the correct
settings and a contact time of 10 min. A decrease in removal performance caused by
saturation of the adsorbent materials over time was not observed during the test period.
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3.5. Turbidity

The turbidity of all samples was measured to determine if it may be applicable as
an easy-to-measure process control parameter. In the first treatment step (particle re-
moval), the turbidity is reduced from 650 & 142 NTU (min: 342 NTU, max: 995 NTU) to
49.0 & 42.2 NTU (min: 12 NTU, max: 165 NTU). The average reduction corresponds to
92.3 & 6.6%. After the fixed bed treatment, the turbidity decreased further and accounted
for 10.9 £ 7.8 NTU (min: 1 NTU, max: 31 NTU). The overall reduction from the untreated
water to the fixed bed effluent was 98.3 4+ 1.3% (min: 93.8%, max: 99.9%). Therefore, both
the particle removal and the fixed bed treatment significantly reduce the turbidity. The cor-
relations and capability for process control are shown in more detail in the next Section 3.6
Correlation analysis.

3.6. Correlation Analysis

The correlation analysis (Figure 7) shows that the TSSs and amount of particles are
correlated with a Pearson correlation coefficient (r) of 0.87, which can be classified as a
strong correlation [51]. In the scatterplot, there are deviations in the ratio of TSSs to particle
number. This is caused by different size distributions of the microplastics contained in
the wastewater. Smaller particles have a lower weight, whereby with the same particle
weight, there is a higher number of small particles. Another possible cause for deviations
could be the optical analysis of the microscopic images for particle counting. Despite these
deviations, the correlation confirms that samples with high TSSs also show a high particle
count and both variables are directly correlated.
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Figure 7. Correlation analysis of the of the test phases for the parameter’s particle count, TSSs,
turbidity and COD. A linear regression is performed using the Pearson correlation method. The
numbers present the correlation coefficient.
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The turbidity shows a very strong correlation with TSSs (r = 0.95) and a strong cor-
relation with particle count (r = 0.87). Thus, turbidity is a possible parameter for process
control with little effort required for the measurements. Regular samples can be taken
and measured in the influent and effluent of the removal plant or a sensor for continuous
operation can be installed [52,53].

The correlation of the COD and TSSs (r = 0.42), particle count (r = 0.40), and turbidity
(r = 0.47) is moderate and not sufficient to predict COD from turbidity measurements, TSSs,
or particle count from the COD. This can also be seen in the scatterplots. Therefore, an
effective process control requires a separate COD measurement.

4. Discussion
4.1. Microplastic Removal Performance of the Pilot Plant

The method presented in this paper for microplastic removal from water using
organosilanes was investigated and developed at lab scale in previous studies and now
tested for its applicability for industrial wastewaters [45—49]. Organosilanes are a new class
of agglomeration—fixation reagent that can attach to the surface of microplastics dispersed in
water, collect them in large agglomerates and subsequently chemically fix the agglomerates
in a water-induced sol-gel process, which has been investigated in previous studies [46,49].
The combination of physical agglomeration and chemical fixation makes the process more
efficient and stable compared to common flocculants and coagulants [47,49,54]. Further,
the organosilanes can be chemically adjusted to interact with specific polymer types [47].

The high removal rates obtained in the pilot trails with 97.92 & 2.31% removal mea-
sured by particle count and 98.26 & 2.15% removal by weight are in a similar range to the
results obtained in the laboratory studies [47-49]. This shows that microplastic removal
using organosilanes can be applied in a reproducible and stable manner at a large scale for
highly contaminated industrial wastewaters.

The company that implemented the pilot plant processes a wide variety of polymer
types, with their composition and quantity changing depending on the respective orders
from customers and the batches being processed. The variation in pH in the incoming
wastewater is relatively stable, with a mean of 6.70 & 0.36 and a range of 6.0-7.2. Also, vari-
ations in the amounts of dissolved substances were present, evident by the high fluctuation
in COD of the incoming wastewater, ranging from 1241 mg/L to 10,929 mg/L with an av-
erage of 3562 & 2558 mg/L. With a removal of 92.9-99.2% by particle count and 97.0-99.8%
removal by weight, good removal performance was achieved for all batches, which demon-
strates that these fluctuations in COD, microplastic load, and polymer composition did not
affect the removal.

Comparing the dosing of the agglomeration reagent to other investigations into mi-
croplastic flocculation or coagulation, with 800 mL/L, the dosing is comparably high, as
typical dosages of flocculants or coagulants are about 0.05-10 mg/L. Since the amount of
agglomeration reagent added depends on the microplastic load in the wastewater, the high
amount added is due to the very high microplastic load [38,40].

A previous pilot trail tested the removal of microplastics with organosilanes from
municipal wastewater. It was operated continuously and connected to a granulated ac-
tivated carbon treatment (GAC) [55]. This pilot plant had a capacity of 2 m® and was
operated with a flow rate of 12 m?/h using the effluent from the third cleaning stage of a
municipal wastewater treatment plant. Unlike in the pilot plant presented in the current
study, the microplastic agglomerates were removed by skimming. An average removal of
60.9 £ 27.5% by particle count ranging from 7.9% to 81.5% was reached in the pilot trails.
The removal efficiencies are comparably lower due to the lower microplastic concentrations
in the wastewater (29.1 £ 15.1 MP/L). This makes it more difficult for the microplastics
to be located and collected in an agglomerate. It is noticeable that the high fluctuations
of the microplastic concentrations in the wastewater stream make quantification of the
process difficult.
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These results suggest that the removal of microplastics in highly contaminated wastew-
ater from plastic producing and plastic processing industries is more effective. Since this
prevents the plastic from entering the sewer network and subsequently the sewage treat-
ment plant, much smaller amounts of wastewater need be treated, and the polluter takes
the responsibility and costs for the treatment rather than the general public (beginning-of-
the-pipe) [15]. Further, efficient particle removal allows the water to be reused with the aim
of a circular water economy, which is especially desirable in areas with water scarcity [4-6].
Here, politicians are asked to take the polluters into responsibility instead of passing the
burden on to the general public [15,16].

4.2. COD Remouval of the Pilot Plant

Biological wastewater treatment is most commonly used for COD removal, but is hard
to apply at mid-sized and small companies, as it needs a high level of monitoring and
maintenance and requires a large amount of space [37,56]. Advanced oxidation processes
for COD reduction are discussed in scientific research, but the associated increased energy
consumption or the use of costly chemicals leads to high operational costs [57,58]. Further,
during the oxidation process, unknown intermediates can be formed, with unknown effects
on the environment [58]. Membrane filtration is a further method for COD removal, but
as previously discussed, suffers from high maintenance requirements due to fouling and
scaling, and thus the use and disposal of aggressive chemicals for cleaning and anti-scaling
agents needs to be considered [36].

The particle removal method in combination with the fixed bed containing absorbent
materials presented within this study reduced the COD effectively, with an average reduc-
tion of 94.3% for influent COD values ranging from 1241 mg/L to 10,929 mg/L. With the
fixed bed reactor used and a contact time of 10 min it is possible to treat up to 1 m3/h. As
only 8 m® of wastewater, equivalent to 45 bed volumes, was treated during the trial period,
it is unclear when the adsorption capacity is reached and when the absorbent material
needs to be exchanged [59-62]. The removal performance of the fixed bed adsorption
system is directly dependent on the contact time. If higher removal efficiencies are needed,
the contact time can be increased [60]. Depending on the requirements of the industrial
process, the water can also be reused, enabling a circular water economy [4-6]. When
considering circular economy processes, and to prevent the creation of additional waste, a
concept for a regeneration of the absorbent materials is needed to increase the sustainability
of the process [63]. Another advantage of the application of the fixed bed is the removal
of micropollutants that may be associated with microplastics, such as phthalates, phenols
or bisphenol-a [64,65]. For wastewaters containing heavy metals, ion exchange resins for
heavy metal removal can also be easily added if necessary [66].

5. Conclusions

The long-term tests show that the pilot plant for microplastic removal with subsequent
COD reduction can be operated reproducibly and reliably. As the composition of the
incoming wastewater varied strongly among the sampling days, the system shows a good
resilience to those fluctuations and delivers consistently high removal efficiencies.

Microplastic levels could be reduced on average by 97.92 & 2.31% determined by the
particle count and 98.26 &+ 2.15% by weight (TSS). The COD was reduced by 94.3 £ 8.9%
after the particle removal and removal of dissolved substances by the fixed bed reactor. In
this specific application, the COD removal leads further to a reduction in wastewater fees
when considering the effluent discharge fees into the municipal sewer network. Removal
of both COD and microplastics enables water to be cleaned more easily by the WWTP
and released into the natural water cycle. This increases the overall sustainability of the
processes due to reuse of process water. In areas with water shortages, direct reuse for
agricultural irrigation is possible.

The correlation analysis shows a direct correlation of particle count and TSSs in
the wastewater. In addition, both parameters are strongly correlated with turbidity, an
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easily measurable parameter, which makes it potentially very useful as a cost-effective
process control. Further process control, e.g., dosage quantity of the Wasser 3.0 PE-X® or
retention time in the fixed bed reactor, can be accomplished with turbidity as an indicative
parameter to potentially increase the efficiency of the process and lower the energy and
flocculant usages.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/w16020268/s1. Table S1: Raw data of all measured parameters
for all test phases and batches.
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