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Exploitation of Sb P-doped CzN4 and peroxidase
immobilized on epoxidized linseed oil films for
pollutant removalf

E. Gaggero,® M. Paturel,® F. Cristaudo, @2 R. Sesia,® M. Sangermano, ©°
P. Calza®** and T. Ohno ®¢

We utilized the combination of heterogeneous photocatalysis with soybean peroxidase (SBP) to allow the
degradation of refractory pollutants. A self-standing system was developed via UV-curing by dispersing Sb
P-doped C3N4 and SBP onto a bio-based film composed of epoxidized linseed oil. Peroxidase enzymes
are activated by hydrogen peroxide that, in our system, is provided via coupling with a photocatalyst;
specifically, the remarkable capability of atomically dispersed antimony P-doped carbon nitride in the
hydrogen peroxide production was leveraged to create this hybrid material, establishing a self-sustaining
system with limited use of reactants. 2,4-Dichlorophenol (DCP) was used as a target molecule to assess
the degradative performances of the so-produced films, considering two scenarios: (a) films containing Sb
P-doped C3N4 only and (b) films holding a layer of the photocatalyst and a layer of SBP. The multilayer film
is the most efficient, with a fourfold increase in the kinetic constants compared to the film with the catalyst
only. Experiments were also extended to a mixture of imidacloprid, DCP, diclofenac and bisphenol A in
actual water, where the overall degradation efficiency remains high, and the multilayer film is reaffirmed as

rsc.li/catalysis the most effective.

1. Introduction

In recent decades, population growth, urbanization and
expansion of agricultural areas have led to a critical shortage of
clean water resources, turning the resolution of the water crisis
into a matter of paramount importance." Water has become
extensively contaminated through various routes, introducing
new and potentially toxic pollutants, such as the so-called
contaminants of emerging concern (CECs). CECs represent a
broad class of pollutants, including but not limited to
pharmaceuticals, personal care products, pesticides, industrial
chemicals, endocrine-disrupting compounds, and other
emerging contaminants,>* that have gained attention in water
quality management due to their potential impact on
ecosystems and human health. Additionally, some CECs have
the potential to bioaccumulate in living organisms, posing a
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threat as they move up the food chain. Traditional wastewater
treatment plants are not always effective in removing CECs from
water, since many of these compounds resist degradation
during conventional treatment processes, leading to their
release into receiving waters.”” In the framework of water
treatment, advanced oxidation processes (AOPs) had strong
development especially in the removal of CECs. AOPs are
applied in the treatment of various pollutants, including
industrial wastewater containing persistent organic compounds,
and are particularly effective in the degradation of recalcitrant
and hard-to-treat pollutants. Hydroxyl radicals ((OH) are the
primary reactive species in AOPs, but other reactive oxygen
species such as superoxide radicals (O,7), singlet oxygen (*0,),
and hydrogen peroxide (H,O,) may also contribute to the
oxidation processes.® Hydrogen peroxide is harmless and widely
used for the activation of hydroxyl radicals (-OH) in Fenton or
Fenton-like processes.”™

Considering heterogeneous photocatalysis, in most cases it
results in the complete mineralization of organic carbon-
containing compounds into water and CO,."**® Beyond the
photocatalytic processes discussed so far, there are other
innovative water treatment methods that take advantage of
biological processes or membrane filtration, adsorption, or a
combination of multiple strategies that allow the advantages of
each technique to be combined and exploited synergistically.
The efficiency of soya-extracted peroxidase extends to the

This journal is © The Royal Society of Chemistry 2024
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degradation of phenolic substrates and exhibits remarkable
resistance to high temperatures, maintaining activity at around
70 °C. This resilience makes soya-derived peroxidase not only
attractive for industrial applications but also suitable for
pollutant abatement."®"® Peroxidase enzymes are activated by
hydrogen peroxide, which should be added to the system to
ensure the oxidation of contaminants. However, the coupling
with a photocatalyst, which produces hydrogen peroxide under
irradiation, allows for obtaining a self-sustaining system that
does not require additional reagents. In our previous
papers,'>*° we showed that the TiO, and ZnO based materials
act synergistically with the enzyme soybean peroxidase (SBP)
when dispersed within films or fibers, leading to an increase in
the of selected pollutants, implying that the
photocatalysts produced, under irradiation, enough H,O, to
activate SBP.

In the present work, we aim to go one step beyond by
developing a photocatalyst capable to produce an enhanced
amount of hydrogen peroxide. Attention has recently been
focused on the potential for efficiently producing H,O,
through photocatalytic ~reaction processes, especially
exploiting carbon nitride-based materials.*"*> Nevertheless,
the low efficiency of pristine g-C;N, still limits its activity
because of its high rate of charge recombination caused by
defects introduced into the structure after polymerization,
and low absorption of visible light, which leads to
insufficient visible-light harvesting.>*°

To address these limitations, several protocols have been
devised, encompassing morphological tuning, defect engineering,
co-catalyst loading, semiconductor copolymerization, element
doping, and hybridization. Each of these strategies aims to
mitigate one or two drawbacks by altering specific properties of
the pristine photoactive coordination network. These
modifications  include inhibiting charge recombination,
narrowing the bandgap and/or enhancing light absorption, and
introducing active sites conducive to the selective 2-electron
oxygen reduction reaction (2~ ORR).*

The properties of g-C3N, materials can be effectively
altered through doping strategies involving the introduction
of additional elements and impurities into the framework.?”
Furthermore, P-doping can induce a significant increase in
visible light harvesting, narrowing of the band gap energy
and a shift of the upper edge of the VB to a less positive
value.”® Recently, Ohno et al. developed a Sb single atom
photocatalyst  (Sb-SAPC) that achieved non-sacrificial
photocatalytic H,O, synthesis under visible light irradiation.
The introduction of single Sb sites led to the accumulation of
electrons, which acted as photoreduction sites for O, via a
2e” ORR pathway.”>?° The catalyst achieved non-sacrificial
H,0, production using water as an electron donor.

As a further step in the frame of sustainability, we prepared
supported materials with the photocatalyst dispersed within
bio-based UV-cured films. We have extensive experience in the
preparation of UV-cured films from bio-based precursors.*'>*
This is of interest given the growing focus within the scientific
community on reducing the use of fossil-based materials and

removal
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promoting sustainability.”® The exploitation of bio-based
precursors from agricultural waste could be even more
interesting from a circular economy point of view. Agro-food
waste can be exploited to recover bio-based precursors, which
can be easily functionalized and photocured in the form of
films.

When the photocatalyst and the enzyme are dispersed
within the polymeric network, the achieved materials could
be used for water remediation. The use of the UV-curing
method to prepare the supported catalyst material is
particularly attractive since this polymerization process is
environmentally friendly. The film was prepared starting
from epoxidized linseed oil in the presence of a suitable
cationic photoinitiator. The curing process is fast, occurs at
room temperature and in the absence of any solvents; by UV
irradiation it is possible to induce the polymer formation
with a fast transformation of the liquid monomer into a solid
film with tailored physical-chemical and mechanical
properties.*®

In this work, we prepare epoxidized linseed oil UV-cured
films containing atomically dispersed antimony P-doped
carbon nitride as the photocatalyst together with peroxidase
enzyme and we explore the ability of the photocatalyst/
enzyme systems to abate various pollutants. A bi-layer film
was produced where the photocatalyst was dispersed in the
first layer and the enzyme in the second one, to avoid their
direct contact. During irradiation, the photocatalyst should
produce enough H,O, to activate the peroxidase enzyme.
Therefore, as a preliminary step, we evaluated if the different
supported photocatalysts dispersed within the polymeric
network could produce enough H,O, to activate the enzyme,
and assessed if the enzyme did not lose its activity when
dispersed in the polymer film or subjected to irradiation. The
efficiency of the monolayer system was finally compared with
the multilayer in actual water.

2. Materials and methods
2.1. Materials

The epoxidized linseed oil (Merginat ELO) was provided by
HOBUM Oleochemicals GmbH. The typical parameters of this
oleochemical epoxy compound based on linseed oil are oxirane
content equal to 8.5-9.5%, maximum acid value equal to 1
mg KOH per g, viscosity between 700 and 1300 mPa x s at 25
°C, maximum iodine value equal to 7 g 1,/100 g and biobased
carbon content equal to 100%. The cationic photoinitiator
(triarylsulfonium hexafluoroantimonate salt), mixed 50 wt% in
propylene carbonate, was purchased from Sigma-Aldrich.
Ammonium dihydrogen phosphate, carbamazepine (>99%),
melamine (99%), sodium hexafluoroantimonate(v), thiourea
(99%),  4-aminoantipyrin, = phenol (P), imidacloprid,
carbamazepine, hydroquinone (HQ), 1,4-benzoquinone (BQ),
2,4-diclorophenol, diclofenac, bisphenol A, phosphoric acid
(=85.0%), acetonitrile and ethanol were purchased by Sigma-
Aldrich. Peroxidase was purchased from Bio-Research Products
Inc., Iowa-USA, and used without further purification.
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All solutions were prepared with ultrapure water from a
Millipore Milli-Q™ system (TOC < 2 ppb, conductivity >18
MQ cm).

2.2. Synthesis and characterization of the photocatalysts

Sb(0.5) P-doped C3;N, and Sb(1) P-doped C;N, materials,
where Sb(0.5) and Sb(1) indicate Sb mmol, were prepared by
wet chemical method synthesis as reported by Teng et al.>®
and briefly described in the ESL{ The materials have been
fully characterized and the details are reported in the ESLf
XRD spectra are shown in Fig. S1,f while FESEM images and
EDX details are shown in Fig. S2 and S3.}

2.3. Epoxidized linseed oil (ELO) film preparation and UV-
curing characterization

ELO UV-cured films were achieved by adding 2 phr (parts per
hundred resin) of the sulfonium salt as the cationic photo-
initiator and irradiating with UV light (Dymax ECE 5000 lamp,
light intensity 130 mW cm™?). The embedded photocatalysts in
the epoxy formulations were Sb(0.5) P-doped C;N, (labelled
Sb(0.5)) and Sb(1) P-doped C;3N, (labelled Sb(1)).

Fourier Transform Infrared (FTIR) spectroscopy analyses were
performed to investigate the photoreactivity of ELO-based
formulations, using a Thermo Scientific Nicolet iS50 FTIR
spectrometer. The spectra were recorded in the range of 4000-
600 cm™" as 32 scans with a spectral resolution of 4.0 cm™. The
FTIR instrument equipped with a diamond crystal ATR accessory
was used to evaluate the composition of the formulation.

The conversion degree was assessed by the disappearance
of the epoxy peaks centred at 846 and 823 cm . The peak at
1744 cm™', assigned to the C=O stretching of ELO, was
assumed to be unaffected by UV radiation and thus it was
taken as the ref. 33. The conversion degree was calculated
according to eqn (1).*77*°

(). -t2)
Aret )y Aret )y %100 (1)
&

Aret )y

Conversion [%] =

where Acpoxy and Aer are the areas of the epoxy ring peak and
the reference peak, respectively, evaluated at different times.

2.4. H,0, production

The prepared films were tested for hydrogen peroxide
production, using Milli-Q water as reaction medium, and
irradiated with a 1500 W xenon lamp (Solarbox, CO.FO.ME.
GRA,, Milan, Italy) with a cut-off filter at 340 nm.

The concentration of produced hydrogen peroxide was
monitored over time and determined by employing the
horseradish peroxidase-coupled oxidation method described
by Frew et al.*" Hydrogen peroxide oxidatively couples with
4-aminoantipyrine and phenol, in the presence of peroxidase
to yield a chromogen (a quinoneimine dye) with a maximum
absorption at 505 nm.

5088 | Catal. Sci. Technol, 2024, 14, 5086-5095

View Article Online

Catalysis Science & Technology

2.5. Photocatalytic tests

To assess the degradative performances of UV-cured films
containing either the photocatalyst or the photocatalyst and
enzyme (multilayer film), the degradation tests were
performed on solutions of 2,4-dichlorophenol (DCP) at 10 mg
L™" and carbamazepine at natural pH (pH = 7.1). Experiments
were carried out in Pyrex glass cells kept under magnetic
stirring and filled with 10 mL of the contaminant's solution
and a rectangular film. The cells were irradiated in the sun
simulator described in 2.4.

The photodegradation process was followed over time by
sampling 100 pl of the solution after regular time intervals.
For the degradation test performed with the multilayer films,
the film was inserted inside the cell so that the side
containing the photocatalyst faced upward and was effectively
irradiated, while the side with the enzyme faced downward.

Analyses were performed with a Merck-Hitachi HPLC
system equipped with an L-6200A Intelligent Pump, an
L-4200 UV-vis detector and a six-way Rheodyne valve injection
system. For carbamazepine analyses, the detection
wavelength was set at 285 nm, eluting with 65% of
phosphoric acid solution at pH 2.8 and 35% of acetonitrile at
a flow rate of 1 mL min™' (the retention time was 5.1
minutes). For 2,4-dichorophenol (DCP), the detection
wavelength was set at 320 nm and the elution was performed
with the same eluents in the ratio 1:1 at a flow rate of 1 mL
min~" (the retention time for DCP was 3.9 minutes, while for
HQ, BQ and P were 1.53, 1.91 and 2.17 min, respectively).

After preliminary tests, degradation experiments were
performed on a mixture of four pollutants (imidacloprid,
2,4-diclorophenol, diclofenac and bisphenol A) at natural pH
(pH = 7.1). The concentration of each compound was 4 mg
L™". The detection wavelength was set at 220 nm and a
gradient elution was performed with a mixture of phosphoric
acid solution at pH 2.8 (A) and acetonitrile (B) at a flow rate
of 1 mL min™ in accordance with the following program:
75:25 A/B for 3 min; 75:25 to 65:35 over 4 min; 65:35 to
40:60 over 8 min; 40:60 for 5 min; 40:60 to 75:25 over 0.5
min; 75:25 for 5 min.

The retention times were 4.30, 14.07, 14.80 and 18.20 min
for imidacloprid, bisphenol A, 2,4-dichlorophenol and
diclofenac, respectively. Experiments on the mixture were
firstly conducted in Milli-Q water and then in fish farm water.
Water from aquaculture was provided by UltraAQUA (Aalborg,
Denmark); the parameters for the fish farm water are shown
in Table S2 in the ESIL{

The acute toxicity of DCP and its transformation products was
evaluated for three organisms (fish, daphnid, green algae) using
the ECOSAR software v2.2. Chronic toxicity concentrations for
these organisms were also computed using the same software.

3. Results

3.1. ELO film preparation and characterization

Fig. S4at schematically shows the mechanism of ELO photo-
crosslinking. The embedded photocatalysts in the epoxy

This journal is © The Royal Society of Chemistry 2024
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o
ELO with photoinitiator
+
photocatalyst

ELO-based layer with _
peroxidase enzyme

photocatalytic film multilayers film

Fig. 1 ELO film preparation procedure.

formulations were Sb(0.5) P-doped C;N, (named Sb(0.5)) and
Sb(1) P-doped C3N, (named Sb(1)). Films with different
percentages of the photocatalyst, namely 0, 0.5, 1, 1.5, and 2
wt%, were prepared and preliminarily tested. Afterward,
multilayer films were prepared by stratifying a layer
containing the optimized quantity of the photocatalyst and a
layer containing 0.5 phr of enzyme (see Fig. 1). Prepared ELO
films, shown in Fig. S4b,t were rectangular in shape, about
1.5 x 0.8 cm, with a thickness of 0.5 and 1 mm for
photocatalytic and multilayer films, respectively.

The cationic UV-curing of ELO-based films was monitored
through real-time FTIR analysis. The real-time spectra of ELO
formulation before and after UV light irradiation are shown in

—— ELO pre UV-curing
—— ELO post UV-curing

2926

2854

Absorbance

3640-3200

L

— T =1 T
4000 3600 3200 2800 2400 2000 1600 1200 800

Wavenumber (cm™)

Fig. 2 Real-time FTIR of ELO pre- and post-photocuring.
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ELO with photoinitiator
+
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photocatalytic film

Fig. 2. The two peaks observed at 2926 cm™ and 2854 cm™ can
be attributed to the stretching vibrations of methylene groups’
asymmetrical and symmetrical -CH,- bonds, respectively. The
peak at 1745 cm™" is attributed to the stretching vibration of the
-C=0 ester group. The peaks at 1465 cm " and 1378 cm™" can
be attributed to the scissoring and rocking vibrations of the -C-
H (CH,, CHj3) groups and -C-H (CH,) group, respectively. The
peaks at 1162 cm ™ and 1116 cm™" are associated with the
bending and stretching vibrations of the -C-O bonds. The
double peak observed at 840 cm™" is attributed to the C-O-C
bonds in the epoxy ring.**=%4*44

As shown in Fig. 2, the successful photopolymerization of
ELO is confirmed by the disappearance of the peaks centred

1090

840

T T T T T T
1100 1050 1000 950 900 850 800 750 700
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Fig. 3 2,4-Dichlorophenol degradation using films containing different photocatalysts: a) Sb(1) P-doped C3N4 (Sb(1)) and b) Sb(0.5) P-doped C3zN4

(Sb(0.5)).

at 840 cm " after irradiation due to the epoxy ring opening
reaction. Instead, due to the epoxy ring opening, and thus
the formation of the polymeric network (Fig. S4t), two new
peaks emerge—one centred at 1090 cm™ ', associated with the
ether stretching vibration of C-O-C, and the other, a broad
peak centred at 3465 cm ', indicative of the stretching
vibration of the ~OH hydroxyl group,>?*38-1045-47

Based on the area of the epoxy groups' peaks, the percentage
of conversion degree as a function of irradiation time was
calculated and plotted as shown in Fig. S5, where the almost
complete conversion is achieved after 180 seconds of irradiation
and the conversion degree of the resin reached around 88%.

Similar results achieved when the different
photocatalysts and enzyme were dispersed in the photocurable
formulation, which is clear evidence of the suitability of the UV-
curing process to produce the supported photocatalyst/enzyme
system.

were

3.2. Photocatalytic film: hydrogen peroxide production and
pollutant abatement.

The photocatalytic efficiency of films containing different
percentages of the photocatalysts (ranging from 0.5 to 1.5%) was
tested using 2,4-dichlorophenol (DCP) at 10 mg L™, a pollutant
frequently used as a target molecule in photocatalytic tests.**>?

Preliminarily, the pollutant adsorption in the dark was
investigated on the pristine film and on the one with the
highest percentage of photocatalyst (1.5%) by keeping DCP
and the film in contact under magnetic stirring for sixteen
hours; in both cases, adsorption was negligible.

To assess the photocatalytic performances of the so-
produced films, degradation tests on DCP were performed
under simulated solar light considering two scenarios: (a)
monolayer films of the selected photocatalyst and (b)
multilayer films containing a layer of photocatalyst and a
layer of SBP.

Considering monolayer films, Fig. 3 shows the degradation
curves obtained with films containing different percentages of

5090 | Catal Sci. Technol, 2024, 14, 5086-5095

Sb(0.5) or Sb(1). The results showed that, in both cases, the
degradation efficiency is higher when 1 or 1.5% of the catalyst
is dispersed in the film. The best performance is achieved in
the case of Sb(1), where it can be inferred that the optimal
percentage was 1.5 wt%, leading to the complete abatement of
DCP in five hours of irradiation. Conversely, in the case of
Sb(0.5), the removal is not complete in the considered time
window (6 hours).

Similar results were also obtained when using carbamazepine
as a target molecule (see Fig. S6t), where with Sb(1) an almost
complete removal is obtained after 4 h of irradiation.

Hydrogen peroxide production was then monitored in the
presence of Sb(05) and Sb(1) dispersed in aqueous solution
or integrated in the epoxidized linseed oil film; the results
are plotted as shown in Fig. 4.

In the case of the photocatalysts dispersed in an aqueous
milieu, the production of H,0, progresses steadily at the
beginning of the reaction. While pristine g-C;N, has little ability
to produce H,0,, especially under visible light irradiation (see
literature data collected in Table 1), and the addition of
sacrificial agents such as alcohols is essential for the H,O,
generation, Sb(0.5) and Sb(1) generate H,O, with a high

—@— Sb(0.5) suspension  --@- - Sb(0.5) film

—@— Sb(1) suspension - -@ - Sb(1) film
45
4
35
= =
g 3r e
025 r e
& e
T, | "__,,—
15 t -7 e
o B S
1t - i
4 __>.~"——
05 [ fL7 g7
0 At 1 1 1 1 1 J
0 30 60 90 120 150 180

Irradiation time, min

Fig. 4 H,O, production from Sb(0.5) and Sb(1) dispersed in solution
and in the film (1.5% of catalyst).

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cy00474d

Open Access Article. Published on 15 July 2024. Downloaded on 9/13/2024 10:53:38 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Catalysis Science & Technology Paper
Table 1 Comparison of H,O, production with other photosynthetic routes in the recent literature

H,0, production
Photocatalyst Form (M) in1h Light source Ref.
TiO, (P25) Film 3% wt 7 365 nm 19
TiO, (P25) Suspension 1
Ce-ZnO Suspension 30 360 nm 20
ZnO Suspension 20
TiO, (P25) Suspension 13
Pristine C;N, Suspension 29 Vis (420 < A < 800 nm) 30
P-doped C;N, Suspension 88
Sb(1) P-dopedC3N, Suspension 294
Pristine C3N, Suspension 147 UV-vis (340 < 4 < 800 nm)
P-doped C;N, Suspension 118
Sb(1) P-dopedC;N, Suspension 706
Sb(1) P-doped C3N, Suspension 1058 UV-vis (340 < A < 800 nm) Present
Sb(1) P-doped C3N, Film 1.5% 529 work
P-doped C;3;N, Hollow spheres 35-90 Vis (420 < 4 < 800 nm), O, saturated 54
PEI-GCN/Au (biomimetic photocatalysis) Suspension 270 Vis (420 < 4 < 800 nm) 55
P-doped C;N, Suspension 52 Vis (420 < A < 800 nm) 56

efficiency using water as an electron source and do not require
the addition of sacrificial agents. As the concentration of H,0,
increases, two reverse reactions progressed in which H,O, reacts
with the holes to produce O,, or H,O, is further reduced by
excited electrons to produce H,O. Finally, these reactions reach
an equilibrium state, so that the H,O, production reaction is
almost stopped.

On the other hand, the photocatalytic films show a slower
evolution rate coupled with an increase in the production of
hydrogen peroxide extended to longer irradiation times,
suggesting that the reverse reaction is suppressed by the
diffusion of the generated hydrogen peroxide from the film into
the solution. Immobilization of the photocatalyst in the film led
to a reduction in the rate of hydrogen peroxide formation,
probably because the encapsulation of the nanoparticles in the
film diminishes the ability of the catalyst surface to come in
contact with oxygen and protons. However, while photocatalysts
in powder require processes such as filtration after the reaction,
its encapsulation in the film allows easy separation of the
photocatalytic composite film at the end of the process.

Regarding the coupling with peroxidase, although the
incorporation into the films caused a decrease in H,O,
production compared to the catalyst dispersed in aqueous
solution, significant hydrogen peroxide generation was also
confirmed when incorporated into the epoxidized linseed oil
film. In particular, the film with Sb(1) produced the greatest
amount of H,0, (3 mg L' after 3 hours of irradiation),
followed by Sb(0.5) (2 mg L™ after 3 hours). It has to be
pointed out that the present production of H,O, is higher
than the results shown in previous papers,'”*® e.g. with
supported TiO, or ZnO (H,0, production passed from 7 uM
h™ for a TiO, film to 529 uM h™" for a Sb(1) film).

3.3. Multilayer film: pollutant abatement

Multilayer films were then prepared by combining a first layer
with 0.5% peroxidase enzyme, placed on the bottom side and

This journal is © The Royal Society of Chemistry 2024

sheltered from irradiation, with the best photocatalytic
monolayer, namely 1.5% Sb(1), put on the top side and exposed
to simulated sunlight. This configuration allows to protect the
enzyme from illumination, allowing to maintain its activity for a
longer time, and to prevent a direct interaction with the
photocatalyst with the potential to promote the degradation of
the enzyme itself.

DCP degradation was evaluated in three conditions, namely
with the Sb(1) film only, the film in combination with the
peroxidase enzyme in an aqueous solution, and the multilayer
structure that encapsulates the enzyme within it; the calculated
pseudo-first-order kinetic constants are displayed in Fig. 5.

The film showing the best performance is the multilayer,
implying that the amount of hydrogen peroxide produced by
the catalyst is adequate for allowing the enzyme to accomplish
its oxidative activity.

The enhanced degradation efficiency could be explained
by the occurrence of a joint attach by the photocatalyst and
the enzyme, schematically described in Scheme 1.

2.5
I
2 -
T
€ 15
S
—
x
~ 1 b
0.5 F
0
Emonolayer Omonolayer+SBP (aq) multilayer

Fig. 5 Kinetic constants obtained from DCP using different photocatalytic
films in three different conditions: the catalyst in a monolayer, coupled with
peroxidase enzyme in solution and in multilayer films.
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Scheme 1 The proposed mechanism of the photocatalytic and
enzymatic processes.

The kinetic constant obtained with the multilayer film
exhibits a fourfold increase compared to the film with catalyst
only, thanks to the synergistic occurrence of these two
processes; furthermore, the performance obtained with the
multilayer configuration resembles the one obtained with the
catalyst only plus the enzyme added to the aqueous solution,
underscoring the remarkable success in crafting this film type.

The transformation of DCP proceeds through the formation
of hydroquinone (HQ), 1,4-benzoquinone (BQ) and phenol (P)
as by-products. While P is formed in trace amounts in all cases,
BQ is the major intermediate when employing the multilayer
film. This result is not surprising as it is well known that SBP
catalyses phenol oxidation and allows the formation of
benzoquinone derivatives.”” In silico toxicity studies, collected as
shown in Table S3;i pointed out that while BQ is more toxic
than DCP toward fish and green algae, HQ and P are less toxic
than DCP for all the tested microorganisms.

The possibility to reuse the multilayer film for further
degradation trials has been explored as well. Reuse experiments
were performed on the Sb(1) multilayer film for 3 cycles and the

Sb(1) multilayer
81 [ sb(0.5) multilayer

\
A}

oL

Imidacloprid 2,4-DCP Diclofenac Bisphenol A
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results of the photocatalytic tests performed on the DCP
removal are shown in Fig. S7;f after 3 cycles of reuse, a
reduction of around 30% in the photoactivity can be observed.

3.4. Abatement of a mixture of contaminants in actual water

The efficacy of the developed multilayer films was also
evaluated in tackling a more intricate blend of emerging
contaminants spanning diverse classes. A mixture of four
contaminants (bisphenol A, diclofenac, imidacloprid and
DCP) was investigated. Initially, the tests were conducted
using Milli-Q water, followed by investigation with actual
water sourced from an aquaculture facility. This expanded
testing matrix aimed to provide a more comprehensive
understanding of the films' performance in a real scenario
with varying contaminant compositions.

We considered the multilayer films incorporating Sb(1) or
Sb(0.5) in the ratio optimized earlier and the calculated kinetic
constants are displayed in Fig. 6(left) and collected as shown in
Table 2. Notably, the complete removal of bisphenol A (BPA)
over the time considered is only accomplished with the most
effective multilayer film, namely Sb(1) (see Fig. 7). Conversely,
diclofenac (DIC) undergoes complete degradation in two hours,
whereas imidacloprid (IMC) displays the least susceptibility to
degradation.

Analysing the kinetic constants depicted in Fig. 6(right)
for experiments accomplished in aquaculture water, a pattern
akin to that observed in Milli-Q water is evident. The
heightened complexity of the matrix brought a general
reduction in the kinetic constants, particularly remarkable in
the case of diclofenac, where the Kkinetic constant of
degradation is halved with Sb(1). Nevertheless, the overall
degradation efficiency remains satisfactory, and the film
comprising Sb(1) P-doped C3;N, and peroxidase enzyme is
reaffirmed as the most effective.

The reason for the decrease in the photocatalytic
decomposition activity of Sb(1) films when using water from

Sb(1) multilayer
[ Sb(0.5) multilayer

0.0

Imidacloprid 2,4-DCP Diclofenac Bisphenol A

Fig. 6 Pseudo-first order kinetic constants derived by degradation curves of the pollutant's mixture in Milli-Q water (left) and aquaculture water

(right).
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Table 2 Pseudo-first order kinetic constants of degradation curves
obtained using different multilayer films on the four pollutant mixture
both in Milli-Q and aquaculture matrices

kx10* (min™")

Matrix Multilayer IMC DCP DIC BPA
Milli-Q Sb(1) 0.41 3.71 7.55 4.26
Aquaculture Sb(1) 0.37 2.34 3.05 3.89
Milli-Q Sb(0.5) 0.19 1.24 2.71 1.10
Aquaculture Sb(0.5) 0.31 1.77 2.04 1.51
1.0
0.9 4
08 ¢ = Sb(1) multilayer
e Sb(0.5) multilayer
0.7 4
06 ¢
o
Q 05 ¢
(@) |
04 T g
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Fig. 7 Bisphenol A degradation curves obtained using different
multilayer films on the pollutant's mixture solution.

aquaculture facilities is thought to be that various pollutants
other than the decomposition target substances are dissolved
in the water of aquaculture facilities. Therefore, the OH
radicals generated when hydrogen peroxide supplied from
the photocatalyst is decomposed by peroxidase are consumed
by pollutants contained in water in addition to the
decomposition target substance, so the decomposition
activity of the decomposition target substance appears to be
low. Analysis of these photocatalytic activities is an important
index for evaluating and predicting the photocatalytic
performance in real environments where various pollutants
are present.

4. Conclusions

The remarkable capabilities of the developed photocatalyst
and, more significantly, the hydrogen peroxide production
observed in Sb P-doped C;N, materials, were exploited to
create a hybrid system. The optimal percentages of
photocatalysts embedded in the epoxidized linseed oil film
range from 1 to 1.5 wt% and exhibited a significant
production of hydrogen peroxide, in turn employed by the
peroxidase enzyme to accomplish pollutant degradation.

This journal is © The Royal Society of Chemistry 2024
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An autonomous enzyme system was therefore developed,
working in synergy with the reactive oxygen species (ROS)
produced in the presence of the photocatalyst, both
supported on a multilayer bio-based film. The effectiveness
of the developed multilayer films in degrading a variety of
contaminants is also confirmed in an actual water sample
from an aquaculture facility. In the real scenario, a general
reduction in the kinetic constants was observed, but the
overall degradation efficiency remained high, with Sb(1)
P-doped C3;N, and peroxidase enzyme confirmed as the most
effective combination.

This system offers several benefits in terms of both
sustainability and convenience. Notably, the support material
is entirely derived from bio-based sources, serving as a
substitute for petroleum-based resins typically used in
thermoset fabrication. The cationic UV-curing employed in
the film fabrication process presents numerous advantages
compared to traditional thermal curing methods. Specifically,
photopolymerization results in minimal volatile emissions,
rapid curing rates, and no shrinkage. Additionally, the
absence of the need for additional heating makes this
technique cost-effective. Furthermore, the system is self-
standing, and uses the solar spectrum as its source of
irradiation. Moreover, the films can be easily recovered and
reused.
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