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ABSTRACT
Posttreatment of the effluents fromwastewater treatment plants is becoming increasingly important, as the conventional treatment
cannot completely remove organic trace contaminants. Promising techniques like chemical oxidation methods, including
ozonation, face the challenge of potentially generating more toxic transformation products than their parent substances due
to incomplete oxidation. In this work, the laccase from Trametes versicolor was immobilized on a polyester textile to create a
biocatalytic textile filter for the posttreatment of organic trace contaminants and their ozonation by-products. Different filter
designs for reactive filtrationwith biocatalytic textileswere implemented on the laboratory scale and tested for their effectiveness in
degrading the dye Remazol Brilliant Blue, the pharmaceutical diclofenac, and its ozonation products. The plate module, inspired
by lamellar clarifiers and featuring the textile with covalently immobilized enzyme on the lamella surfaces, exhibited the best
performance characteristics. Employing this module, a continuous process of diclofenac ozonation and subsequent posttreatment
with the biocatalytic filter was conducted. This not only demonstrated the feasibility of continuous biocatalytic wastewater
filtration but also highlighted improved degradation efficiencies of ozonation products compared to the batch process using laccase
in solution.

1 Introduction

In recent years, the importance of wastewater posttreatment
has grown as conventional wastewater treatment plants have
proven unable to completely remove organic trace contami-
nants fromwastewater, including pharmaceuticals, personal care
products, dyes, and pesticides [1, 2]. Diclofenac is an impor-

tant indicator compound, as the nonsteroidal anti-inflammatory
drug is detected world-wide in most urban wastewaters [3].
Extensive research has been conducted in the field of wastew-
ater treatment, and various chemical and physical meth-
ods have already been tested and proven to be effective
[4, 5]. These methods include ozonation, advanced oxida-
tion processes (AOPs), the Fenton process, adsorption, and

Abbreviations: BT, breakthrough; DF, diclofenac; LOQ, Limit of Quantification; PAA, polyacrylic acid; PET, polyethylene terephthalate; PM, plate module; RBB, Remazol Brilliant Blue; TP,
transformation product; WM, wound module.
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Summary
∙ The removal of micropollutants is a major challenge in the
further development of municipal sewage treatment plants.
∙ The current study presents the realization of a new method
combining enzymativ post-treatment with ozonation for the
degradation of micropollutants.
∙ A continuous enzymatic treatment process is realized
by immobilizing a laccase on a technical PET textile and
developing filter modules thereof.
∙With these filter modules, biocatalytic filtration can be used
for the treatment of micropollutants and, in particular, for the
posttreatment of ozonation.
∙ As the biocatalytic filtration modules are developed in
accordance with wastewater treatment solutions, the method
presented on a laboratory scale is in principle transferable to
a larger scale.

membrane filtration, all aimed to remove pollutants from
wastewater [6–8].

Ozonation has been demonstrated to be an effective technique for
the post-treatment of wastewater, from pilot plant to technical
scale applications [10, 11]. Nevertheless, it is important to note
that chemical processes such as ozonation have the potential to
be environmentally problematic, as they can generate transfor-
mation products that are more toxic than the original substances.
[12, 13]. It is imperative that research be conducted into more
sustainable and environmentally friendly methods to ensure the
removal of potential transformation products.

Biocatalysts respectively enzymes, characterized by their high
efficiency and excellent chemo-, stereo-, and regioselectivity, are
particularly well suited for this purpose. In addition, enzymes
operate effectively over a wide pH and temperature range and
do not necessitate the use of high pressures or temperatures.
Oxidoreductases are a key class of enzymes studied in wastewater
engineering, due to their efficacy in the removal of dyes and trace
substances. The enzyme laccase is one of the best-known exam-
ples [14–16]. Using molecular oxygen as an electron acceptor,
laccases catalyze the oxidation of various phenols and aromatic
or aliphatic amines to the corresponding radicals, optimally
leading to oligomers, which exhibit lower toxicity [17, 18]. We
previously demonstrated that laccase from Trametes versicolor is
not only capable of degrading several micropollutants, such as
diclofenac, but is particularly effective at removing potentially
harmful transformation products resulting from micropollutant
ozonation [19].

For technical applications, enzymes are typically immobilized
on solid supports, producing heterogeneous and reusable bio-
catalysts. This approach not only offers economic advantages
but also enhances enzyme stability across a wide range of
temperatures and pH levels, while increasing mechanical resis-
tance [20–22]. There are many different methods for enzyme
immobilization, including adsorptive and covalent methods.
Adsorptive immobilization offers the advantage of simple and
inexpensive adsorption of enzymes to the surface of a support
by hydrogen bonding, van der Waals forces, or ionic interactions,

while largely preserving the enzyme conformation. However,
the disadvantage of this immobilization is enzyme leaching
due to the weak binding [20, 21]. In covalent immobilization,
chemical bonds between functional groups of the enzyme and the
support are formed with the aid of a crosslinker, and this scaffold
can, in turn, be crosslinked. Covalent immobilization typically
reduces enzyme leaching but exposes the enzyme to stronger
conformational stress, which can also result in a reduction in the
activity of the heterogeneous biocatalyst [20, 21].

A broad variety of material has been used as supports ranging
from inorganic particles, inorganic-organic scaffolds, and organic
resins [23, 24]. Textiles have been used previously for the immo-
bilization of the oxidoreductases catalase and peroxidase [25–27].
The immobilization of laccase on different carriers, such as
electrospun nanofibers, carbon nanotubes, nanofiber membrane,
polyamide/polyethyleneimine fibers, micro-biochar, granulated
activated carbon, alumina spherical pellets, ultraporous alumina
and corn cob for the degradation of micropollutants, such as
diclofenac [28–35] and RBB [36–38] in batch processes has also
been described as the posttreatment of combustion processes [39].
Continuous processes have been successfully implemented using
either dissolved or immobilized enzymes in membrane reactors
[40–43].

This study aims to develop a continuous method for the removal
of trace substances and their ozonation products fromwastewater
using a biocatalytic textile, generated by immobilizing the laccase
from T.s versicolor on a polyester needle felt. Different immobi-
lizationmethods, that is, adsorptive and covalent immobilization,
as well as textile filter set-ups are analyzed on a laboratory scale
using the degradation of the dye RBB and the pharmaceutical
diclofenac as model trace contaminants.

The wound module exerts a force upon the water, directing it
through the biocatalytic textile. Meanwhile, the plate module
deploys the fabric on the plates of a lamella-type clarifier, thereby
directing the water over the textile surface. The analysis of the
breakthrough curves of the continuous degradation of the model
trace contaminants are used to identify the best filter design. This
set-up is then applied to the degradation of diclofenac and its
transformation products in a continuous chemo-enzymatic pro-
cess using ozonation and subsequent enzymatic post-treatment,
which is analyzed by HPLC-HRMS (High Performance Liquid
Chromatography-High Resolution Mass Spectrometry).

2 Materials andMethods

2.1 Materials

Diclofenac sodium salt (DF, 98%) was purchased from Alfa Aesar
(Kandel, Germany). Remazol Brilliant Blue BB (RBB 220), with
CAS number 128416-19-3, was an in-house sample. The polyester
(PET) felt used (Type E20102 0/G) was supplied by Kayser Fil-
tertech GmbH (Einbeck, Germany). The polyacrylic acid (PAA)
DEGAPAS 4104 S was procured from Evonik Industries AG
(Essen, Germany). The hexadiisocyanate crosslinker Bayhydur
XP 2487/1 was purchased from Covestro (Leverkusen, Germany).
Acetonitrile (ACN) (LC-MSGrade), bovine serum albumin (BSA)
Fraction V, Coomassie Brilliant Blue G-250, ethanol (≥99.50)
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and ortho-phosphoric acid (85%) were purchased from Carl Roth
(Karlsruhe, Germany). Sodium hydroxide solution (1 mol/L) was
purchased fromBerndKraft. Formic acid (LC-MS grade) was pur-
chased fromFluka-Honeywell (Seelze, Germany). Syringaldazine
for laccase activity measurement was purchased from Sigma
Aldrich (Steinheim, Germany). The laccase from T. versicolor
was obtained from ASA Spezialenzyme GmbH (Wolfenbüttel,
Germany). For solid phase extraction (SPE), Oasis HLB 3 cc
cartridges (60 mg sorbent per cartridge, particle size 30 µm) from
Waters (Eschborn, Germany) were applied.

2.2 Enzyme Immobilization

The polyacrylic acid (PAA) modified PET felt was obtained from
Grenzland (Bocholt, Germany). The coating solution consisted
of 50% Degapas 4104S (PAA, 40% purity), 5% Bayhydur, and
45% deionized water. The polyester textile was prepared on a
Coatema machine and thermally fixed at 170◦C to achieve a final
weight of approximately 65%. The pre-functionalized textile was
treated with an aqueous enzyme solution (Laccase T. versicolor,
30 g/L). The textile absorbed 3.3 mL/g net weight. After enzyme
treatment, the textile was dried overnight at room temperature.

For covalent immobilization, a white homogeneous mixture
of 6% w/v PAA (Degapas 4104S) and 4% w/v Bayhydur in
deionized water (resulting in a pH of approximately 2.5) was
prepared. The enzyme powder was added while stirring slowly
to obtain a concentration of 30 g/L, resulting in a pH value of
approximately 4.1.

After no more than 1 h, the mixture dissolved, and the solution
was ready to be applied to the textile and mechanically worked
into the fabric. The textiles were dried at room temperature at
least 24 h. Both the adsorptive and covalent textiles were stored
at 6◦C in a refrigerator.

2.3 Analysis

Immobilized laccase activity was measured before and after each
degradation experiment using the syringaldazine assay (530 nm)
at pH 5 with a 7.7 µM syringaldazine solution in dH2O at 20◦C as
described previously [44].

The protein content of the biocatalytic textiles was determined
with a Bradford assay. Textile pieces (ca. 50 mg) were introduced
into 0.1mmol/LNaOH solution, agitated for 1min, and incubated
for 24 h. After short agitation the supernatant was removed
from the fabrics by centrifugation and 100 µL of the supernatant
were analyzed with the Bradford assay detecting the absorbance
at 595 nm (UV-Vis spectrometer, Hach Lange). The successful
immobilization of the laccase on the surface of the PET textile
was qualitatively analyzed by UV-Vis spectroscopy (Lambda 950
S, Perkin Elmer) using an integrating sphere (200–800 nm).
Scanning electron micrographs of the fabrics were taken with a
Hitachi S-3400N microscope [25].

The concentration of RBB was analyzed via the absorption
at 605 nm with a UV-1650 PC spectrophotometer (Shimadzu,
Duisburg, Germany). The LOQ was 1.10 mg/L. Diclofenac con-

centrations were analyzed by reserved phase chromatography
using an Agilent 1260 Infinity II series high performance liquid
chromatography (HPLC) system (Agilent Technologies, Inc.,
Waldbronn, Germany) equipped with a Poroshell 120 EC-C18
(2.7 µm, 4.6 × 100 mm, Agilent Technologies, Inc., Waldbronn,
Germany) and UV detection (275 nm). The eluents were ddH2O
(A) and ACN (B), each containing 0.1% formic acid. The flow
rate was 0.3 mL/min, the column temperature was 40◦C, and the
injection volume was 5 µL. The LOQ of diclofenac with the LC-
UV method was 175 µg/L. The ozonation products of diclofenac
were analyzed byHPLC-HRMS. The LC-MS/MS system consisted
of an Agilent 1200 series HPLC system (Agilent Technologies,
Inc., Waldbronn, Germany) coupled to an Agilent 6530 Q-ToF
mass spectrometer (Agilent Technologies, Santa Clara, USA)
with jet-stream electrospray ion source (ESI) (negative mode,
fragmentor voltage 125 V) using the column Eclipse Plus C18
(ZORBAX, 3.5 µm, 2.1 × 150 mm, Agilent Technologies, Inc.,
Waldbronn,Germany) as described previously [44]. Sampleswere
concentrated 20-fold by SPE.

2.4 Filter Set-up

The CAD designs of the plate and wound module are depicted
in Figure 4. The basin (25 cm × 8 cm × 12.5 cm) for the plate
module was built from 6 mm thick acrylic glass plates, which
were glued with acrylic adhesive (ACRIFIX 1R 0192, Röhm
GmbH, Darmstadt, Germany). The lamellar inset was created
using a 3D printer (UltiMaker S5, Ultimaker B.V., Geldermalsen,
Netherlands) and polylactic acid as material (Ultimaker PLA
Transparent, Ultimaker B.V., Geldermalsen, Netherlands). It
consisted of a rail for five textile-covered plates (11.2 cm × 7.5 cm).
Following the design of a parallel plate separator the platemodule
was designed with an inclination of 55◦ [45]. To avoid shortcuts, a
stirring fish was inserted under the first two textile-covered plates
in the PM.

The core of thewoundmodulewas constructed from steel tubings
and fittings of heating technology (Heinrich Schmidt GmbH
& Co. KG, Mönchenglabach, Germany): two 3/8″ tube sockets
connected by a sleeve, a double tube containing twelve 6 mm
holes, and a 3/8″ and 1″, respectively, reducing sleeve at the ends.
The 3/8’’ sleeve was plugged to prevent the fluid from leaking
away from the holes. The other side was open, and a rubber
seal was glued onto the reducing sleeve. The textile was wrapped
around the double tubes. The ends were sealed with reducing
sleeves, a rubber seal and silicone (Sista F101, Henkel AG & Co.
KGaA, Düsseldorf, Germany) and introduced into a preparative
chromatography column (ECO50/450M3V, YMC Europe GmbH,
Dinslaken, Germany) (Figure 4).

2.5 Breakthrough Analysis

Pollution degradation in the textile filter modules was performed
with 840 cm2 filter area in each experiment. The reaction volume
in the plate module was 826 and 413 mL in the wound module,
respectively. The modules were fed with a peristaltic pump
(Ismatec BVP ISM444B, Glattbrugg, Switzerland). The process
conditions were chosen such that the mean residence time was
2.75 h for both modules. Accordingly, the flow rate was 5 mL/min
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FIGURE 1 Proposed reaction mechanism of adsorptive (A) and covalent immobilization (B) of the laccase from T. versicolor [E].

for the plate module and 2.5 mL/min for the wound module,
respectively.

All experiments were conducted at room temperature (23◦C ±
2◦C). The initial concentration of RBB was 68.63 ± 0.82 mg/L
and of diclofenac 10.67 ± 0.76 mg/L. Ozonation was performed
as described previously [44]. A 20 mg/L diclofenac solution was
ozonated for 6 min with a capacity of 10 g O3/m3 and subjected to
posttreatment in the plate module.

The breakthrough curves were calculated using the Gompertz
function (Equation 1) [46].

𝑦 = 𝑎 ⋅ 𝑒−𝑒
(−𝑘(𝑥−𝐵𝑇)) (1)

with x being the independent variable, a the amplitude or the
initial concentration of the respective substance, k is a coefficient
describing the slope and BT represents the breakthrough point of
the curve.

3 Results and Discussion

3.1 Characterization of the Biocatalytic Textiles

Figure 1 illustrates the reaction scheme for both adsorptive
and covalent immobilization of laccase on PET. For adsorptive
immobilization, the isocyanate crosslinker (Bayhydur) and PAA
are initially thermally fixed onto the PET to generate carboxylate
groups on the PET surface, where adsorption of the enzyme
takes place. For covalent immobilization, PAA, the isocyanate
crosslinker and the enzyme are blended in a one-pot preparation
and subsequently applied to the unfunctionalized PET textile. In
this case, various covalent bonds, potentially carbamate bonds,
between the enzyme, PAA and the textile are formed, which lead
to enzyme immobilization as well as crosslinking.

The qualitative analysis of the immobilization of the laccase was
conducted using UV-Vis remission spectroscopy. Figure 2 depicts
the UV-Vis spectra of the PET textile with and without laccase.
The application of both immobilization techniques resulted in a
reduction in diffuse reflectance at 400 nm, which is indicative of
the presence of laccase on the textile.

FIGURE 2 UV-Vis remission spectrum of textiles before and after
adsorptive (blue) and covalent (green) immobilization of laccase T.
versicolor. The inset provides the absorbance spectrum of laccase of T.
versicolor.

The process of enzyme immobilization can be observed and
analyzed through the use of electron microscopy. Figure 3
depicts the scanning electron micrographs of the distinct phases
of immobilization for the adsorptive (first row) and covalent
(second row) method. The pre-functionalization of the textile
with Bayhydur and PAA resulted in the formation of a thin but
visible coating layer on and between the fibers (B1). Following the
adsorptive immobilization of laccase (B2–B3), the formation of
thicker attachments to the single fibers and within the interstitial
spaces was observed. To serve as a point of comparison for
the covalent immobilization process, a one-pot procedure was
conducted without the enzyme (C1). The resulting electron
micrograph revealed a coating of the fibers, which was thicker
and less homogeneous than in the case of large-scale mechanical
coating (B1). Following the application of the enzyme with the
polymer and crosslinker solution for covalent immobilization,
a dense coating of the textile was evident, particularly in the
interstitial spaces between the fibers (C2–C3).
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FIGURE 3 SEM images of adsorptive (B2–B3) and covalent (C2–C3) immobilization of laccase T. versicolor. Blank: untreated polyester needle felt,
B1: PET pre-functionalized with Bayhydur and polyacrylic acid for adsorptive immobilization. B2 and B3: PET after adsorptive immobilization of the
laccase at 100× and 2000× resolution, respectively. C1: PET treated with one-pot PAA/Bayhydur solution without enzyme. C2 and C3: PET after covalent
immobilization of laccase at 100× and 2000× resolution, respectively.

TABLE 1 Activity of the adsorptive and covalent immobilized lac-
case T. versicolor during the start of the experiments, as well as the protein
concentration according to Bradford.

Immobilization
method Activity (U/g)

Protein
(mg/g)

Adsorptive 10.3 ± 0.57 0.69 ± 0.08
Covalent 10.6 ± 1.20 0.98 ± 0.30

The textile biocatalyst was subsequently subjected to further
characterization based on the initial activity and protein load.
The protein load was determined by a Bradford assay. As
summarized in Table 1, both immobilization methods yielded
comparable initial properties of the biocatalytic textiles. It
should be noted that the activity analysis of the biocatalytic
textile was affected by the strong adsorption of the oxidized
syringaldazine on the textile surfaces. This introduced a
systematic error into the activity data, the extent of which is not
quantifiable.

3.2 Evaluation of the Different Filter Designs via
Degradation of the Dye Remazol Brilliant Blue

Two contrasting designs for a biocatalytic filter utilizing the tex-
tiles equippedwith laccasewere developed (Figure 4). In the plate
module (PM), the fabric was used to enclose lamella plates within
a basin that was designed in accordance with the conventional
configuration of lamella clarifiers. In this configuration, thewater
was guided along the surface of the textile. The design of the
wound module (WM) was guided by the principles of membrane
technology. The textile was wrapped around a perforated flow
tube. Thus, the water was forced to flow through the biocatalytic
textile.

In the first step, the performance of the two different filter types
was evaluated using the anthraquinone dye, Remazol Brilliant
Blue (RBB), as model pollutant which is known to be decolorized
by laccases. A continuous flow of RBB solution (69 mg/L) was
treated in the plate and wound module and the breakthrough
curves of the respective filter equipped with adsorptively and
covalently bound laccase were analyzed for comparison. The
filters were constructed with identical filter areas, measuring
840 cm2. The flow rate was calibrated to correspond with the
varying filter volumes, thereby ensuring that the residence times
remained consistent at 2.75 h.

The breakthrough curves were fitted to Equation (1). As illus-
trated in Figure 5 and Table 2, the breakthrough of the enzymatic
filter shifted to larger volumes in both designs when covalent
immobilization was used. In the WM, the service life until
breakthrough was found to be twice as long when employing
covalent immobilization instead of adsorptive immobilization. In
contrast to a conventional filter, the breakthrough was attributed
to a decline in biocatalytic activity rather than the saturation of
the filter. The decline in activity at an early stage, observed in the
case of adsorptive binding of the enzyme, was attributed to leach-
ing of the enzyme. The increased durability of the biocatalytic
textile prepared via covalent enzyme adsorption indicated that
the isocyanate crosslinker reinforced enzyme immobilization,
resulting in augmented irreversible enzyme attachment. After
covalent immobilization, the cooperativity of the breakthrough
was reduced as reflected in the smaller k (Table 2), in contrast to
the textiles with adsorptive bound enzyme.

This indicated that covalent immobilization achieved persistent
activity from irreversibly bound enzymes on the textile, even
after reaching the numerically determined breakthrough points.
However, it is also possible that enzyme damage may contribute
to the reduction in biocatalytic activity with increasing operation
time. This hypothesis is supported by the observed decrease in
activity over time during enzyme membrane reactor operation
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FIGURE 4 Design of the enzymatic filter in the form of a plate module (A) and a wound module (B) in the continuous process.

FIGURE 5 Degradation of RBB in the plate module (blue) and wound module (green) by adsorptive and covalently immobilized laccase T.
versicolor at RT. The black dashed lines represent the fit according to the Gompertz function.

TABLE 2 Numerical analysis with Equation (1) of the continuous RBB removal using a biocatalytic textile obtained from the indicated
immobilization method in the wound (WM) and the plate module (PM): The breakthrough point (BT) is given in terms of flow volume and operation
time to breakthrough, k is the slope parameter from the Gompertz function, removal depicts RBB removal until breakpoint, and NV the number of
column volumes until BT.

Immobilization k (L−1) BT (L) BT (h) Removal (%) NV

WM Adsorptive 1.42 ± 0.02 1.64 ± 0.01 5.47 ± 0.03 91.2 ± 3.1 3.97 ± 0.02
Covalent 0.58 ± 0.03 3.45 ± 0.06 11.50 ± 0.2 94.5 ± 0.4 8.35 ± 0.15

PM Adsorptive 0.44 ± 0.002 4.88 ± 0.01 16.27 ± 0.03 89.8 ± 2.7 5.91 ± 0.01
Covalent 0.27 ± 0.006 5.99 ± 0.06 19.97 ± 0.2 91.4 ± 0.4 7.25 ± 0.01
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FIGURE 6 Degradation of DF in the plate module by adsorptive (orange) and covalently (purple and yellow) immobilized laccase T. versicolor at
different flow rates, yellow: 2.5 mL/min, purple: 5.0 mL/min. The black dashed lines represent the fit according to the Gompertz function.

TABLE 3 Numerical analysis with Equation (1) of the continuous DF removal using a biocatalytic textile obtained from the indicated
immobilization method in the plate module (PM): The breakthrough point (BT) is given in terms of flow volume and operation time to breakthrough. k
is the slope parameter from the Gompertz function, removal depicts DF removal until breakpoint, adsorption the DF adsorption until BT in the reference
experiment without enzyme, and NV is the number of column volumes until BT.

Immobilization
Flow rate
(mL/min) k (L−1) BT (L) BT (h) Removal (%)

Adsorption
(%) NV

Adsorptive 5.0 0.60 ± 0.012 1.72 ± 0.021 5.73 ± 0.07 73.7 ± 0.8 15.5 ± 0.3 2.1 ±
0.03

Covalent 2.5 0.19 ± 0.010 5.54 ± 0.120 36.93 ± 0.07 80.5 ± 1.1 10.0 ± 1.1 6.7 ±
0.15

Covalent 5.0 0.23 ± 0.004 4.88 ± 0.040 16.30 ± 0.13 83.9 ± 9.7 10.0 ± 1.1 5.91 ± 0.05

[41]. The residual activity of the textiles after use in the PM mod-
ule was 0.51 ± 0.09 U/g in the case of covalent immobilization,
while the textile equipped via enzyme adsorption exhibited near-
complete depletion (0.03 ± 0.002 U/g). The residual activity of
the covalently finished textile was expected to be even greater,
due to the intense pink color of the covalently immobilized textile
indicating the adsorption of converted syringaldazine after the
activity assay (Figure S1).

In reference experiments without enzyme, the textile which was
mechanically equipped with PAA and Bayhydur (Figure 3, B1)
was used. Here, no RBB adsorption was observed (Figure S2A).
This proved that the RBB removal illustrated in Figure 5 was
entirely of biocatalytic nature. In contrast, the less homogeneous
surface obtained by finishing the textile with PAA/isocyanate
using the one-pot method (Figure 3, C1), led to detectable RBB
adsorption. Over the test period, RBB adsorption of 9.1% and 25%
were observed for PM and the WM, respectively (Figure S2B).
This indicated that the RBB removal observed specifically in the
WM using covalent immobilization could not be fully attributed
to biocatalytic activity.

A comparison of the breakthrough curves of the two filter designs
(Table 2) demonstrated that the plate module was capable of
treating a greater volume of water until breakthrough than the

wound module. The number of column (or basin) volumes to
breakthrough were similar in both modules for the covalent
immobilization, but a lower number of column volumes could
be treated in the WM than in the PM using adsorptive immobi-
lization. This indicated that passing the water through the filter
was not necessary for an efficient biocatalytic treatment of the
water. On the contrary, the lower shear forces in the PM favored
this design as the performance time of the biocatalytic filter was
limited by enzyme leaching. Finally, the basin volume per textile
area was larger in the case of the PM, resulting in significantly
larger volumes of water that could be treated in the PM than in
the WM. Consequently, the PM was employed in the subsequent
experiments.

3.3 Degradation of Diclofenac in the Plate
Module

The potential of a biocatalytic textile filter for the degradation
of micropollutants was analyzed using the drug diclofenac (DF)
as a model compound based on degradation experiments with
RBB dye. Compared to the degradation of RBB, the degradation
of 10 mg/L DF exhibited a less symmetrical breakthrough curve
(Figure 6). Especially when using adsorptive immobilization,
no plateau was observed at the beginning of the experiment
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TABLE 4 Ozonation products of diclofenac and their removal efficiency by the biocatalytic PM (biocatalytic removal) and the enzyme-free textile
in the PM (adsorption), respectively, until the breakthrough of 10 mg/L diclofenac (4.88 ± 0.040 L). Those removal efficiencies that were predominantly
affected by enzymatic degradation are shown in bold numbers, removal efficiencies resulting from adsorption are shown in italic numbers.

Designation Proposed structure
Biocatalytic removal

(%)
Adsorption

(%)

TP 167 65.6 ± 0.3 —

TP 167′ 97.9 ± 0.05 58.4 ± 0.09

TP 176 91.5 ± 0.3 39.7 ± 0.6

TP 252 17.3 ± 2.0 —

TP 276 41.3 ± 0.6 25.2 ± 2.8

TP 279 84.7 ± 0.3 83.6 ± 3.0

TP 279′ 76.4 ± 0.5 71.2 ± 4.0

(Continues)
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TABLE 4 (Continued)

Designation Proposed structure
Biocatalytic removal

(%)
Adsorption

(%)

TP 279″ 77.4 ± 0.5 76.2 ± 0.03

TP 290 78.9 ± 0.2 63.3 ± 1.2

TP 299 13.6 ± 2.5 6.3 ± 0.6

TP 306 85.9 ± 0.5 56.9 ± 2.3

TP 306′ 58.5 ± 2.04 —

TP 310 57.5 ± 0.5 34.3 ± 0.1

TP 325 74.4 ± 0.3 44.8 ± 0.3
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FIGURE 7 Comparison of the removal efficiencies of ozonation products in the continuous mode in the biocatalytic filter (light blue), and the
adsorption (dark blue) with the degradation in the batch process by laccase in solution (orange). The degradation in continuous operation is compared
with the degradation in batch operation after 3 h, as the residence time in continuous operation is approximately 2.75 h. Batchmode conditions: 250 U/L
± 10 U/L, 20◦C, 100 rpm, continuous mode conditions: room temperature, 343 U/L ± 38 U/L.

indicating continuous leaching of the enzyme. The covalently
bound enzyme demonstrated superior performance in DF
degradation, ensuring a longer service life of the biocatalytic
filter and a higher removal efficiency (Table 3). Using the
covalently functionalized textile, the PM was able to remove
81%–84% DF in continuous operation. Adsorption of DF on the
functionalized textile could not be neglected (Figure S3). Carrying
out the reference experiment without enzyme, the adsorbed DF
was calculated until the breakthrough or until the point where
no more adsorption occurred in the reference experiments. As
shown in Table 3, the adsorptive effects accounted for 10 to 15 %
of the observed DF removal.

To determine if longer reaction times could improve removal effi-
ciencies, the flow ratewas halved, and the resulting breakthrough
curve of DF in the PM was analyzed (Figure 6). Interestingly, the
initial removal efficiency was not affected by the increased resi-
dence time indicating thatDF removalwas not limited by reaction
time.However,morewater could be treated until breakthrough at
the reduced flow rate. These results indicated that breakthrough
was primarily driven by enzyme leaching, as confirmed by the
detection of leached enzyme in the effluent (Figure S4). Reduced
leaching at lower flow rates (Figure S4) increased the flow volume
to breakthrough supporting the conclusion that hydrodynamic
shear forces contributed to enzyme leaching. It is important
to note that the remaining immobilized laccase on the textile
remained active over the course of days, as evidenced by a
maximum observed operating time to breakthrough of 37 h.
Moreover, the biocatalytic textile remained completely permeable
during all experiments of maximum 42 h (WM) and no fouling
was observed within max. 73 h of the experiment (PM).

3.4 Continuous Chemo-Enzymatic Degradation
of Diclofenac

In a final step, the application of the biocatalytic filter as
posttreatment of ozonation products was evaluated. Therefore,
a diclofenac solution was ozonated and fed to the plate module

equipped with covalently immobilized laccase in a continuous
experimental setup.

The ozonated solution contained a variety of transformation
products, 14 of which were identified through HPLC-HRMS
analysis, in accordance with our prior analysis [19]. The break-
through point for the enzymatic filter was defined via the
breakthrough of the 10 mg/L diclofenac solution ((4.88 ± 0.04)
L). The removal efficiencies of the TPs were determined by
comparing their relativeHPLC-HRMSpeak areas before and after
biocatalytic treatment. The respective removal efficiencies of the
transformation products (TPs) until this BT are shown in Table 4.
For comparison, the adsorption of these TPs on the enzyme-free
textile was examined (Table 4). The breakthrough curves of all
TPs and the respective reference experiments are presented in
Figure S5. It can be inferred that certain transformation products,
such as TP 167 and TP 252, did not exhibit any adsorptive
effects. This suggests that their degradation was solely due to
the biocatalytic action of the immobilized laccase. Although TP
167′, TP 176, TP 276, TP 290, TP 310, TP 306, TP 306′ and TP
325 initially exhibited adsorption effects, the influence of these
effects was ultimately outweighed by that of the biocatalytic
degradation process. On the other hand, TP 279, TP 279′, TP
279″, and TP 299 exhibited degradation primarily attributable
to adsorption, as their degradation curves aligned with those
of adsorption. These transformation products displayed a range
of breakthrough behaviors, varying from robust degradation
throughout the experiment (e.g., TP 167′) to slow (e.g., TP 325)
or early breakthrough (e.g., TP 250) (Table S3).

In Figure 7, the removal efficiencies of the ozonation products
in the presented continuous process with the biocatalytic filter
is juxtaposed to the degradation effected with laccase in solution
in a batch process as performed earlier [19]. The continuous
process nearly universally yielded higher degradation efficiencies
than the batch process. In some cases, this was assigned to
adsorption effect. Interestingly, the quinoide products as TP
290 and TP 306 showed improved degradation efficiencies in
the continuous process. This was attributed to the presence of
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a dynamic equilibrium in the continuous flow. In the batch
process, a thermodynamic equilibriumof coupled redox pairswas
established, hindering efficient degradation [19].

Moreover, the formation of TP 252 and TP 299 was not observed
in the continuous process. These TPs result from hydroxylation
reactions, a reaction which can occur either chemically by
ozonation or enzymatically. As illustrated in Figure 7, the con-
tinuous process facilitated a faster further reaction with partners
potentially accumulated in the vicinity of the biocatalytic textile.
This comparison indicates that the biocatalytic filter not only
offers an economical setup, enabling the continuous reuse of the
enzyme as a heterogeneous textile biocatalyst, but also achieves
more efficient TP degradation due to its continuous operation
mode.

4 Concluding Remarks

A wastewater treatment module for the continuous biocatalytic
treatment of micropollutants and their ozonation products was
designed on the laboratory scale based on a textile equipped
with laccase from T. versicolor as heterogeneous biocatalyst.
Therefore, the laccase was immobilized on a polyester felt via
two different methods, adsorption, and covalent immobilization
by an isocyanate crosslinker. The treatment of model wastewater
containing the dye RBB showed that the covalent immobiliza-
tion of the laccase was essential for a continuous operation.
As the optimized module was successfully used to post-treat
the ozonation process of diclofenac on a laboratory scale, we
suggest that the developed biocatalytic filter design is a promising
method to remove potentially harmful ozonation products of
micropollutants in a continuous process. While the present work
demonstrates the feasibility and advantages of an enzymatic
textile filter for advanced wastewater treatment, further work
will be required to increase the irreversibility and density of the
covalent enzyme loading of the textile in preparation for technical
application.
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