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Abstract

The presence of pollutants in water systems is a universal threat. In this study, ZnO based
materials and enzyme hybrid materials were evaluated for their ability to remove six emerging
waste water pollutants (namely diclofenac, naproxen, iopamidol, imidacloprid, bisphenol A and
2,4-dichlorophenol). These materials were tested in their free form as well as supported on
poly(styrene-co-maleic anhydride) (SMA) nanofibre mats fabricated though the process of
electrospinning. The SMA nanofibres were fully characterized using Attenuated Total
Reflectance-Fourier Transform InfraRed spectroscopy (ATR-FTIR), Thermogravimetric Analysis
(TGA), Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM).
Degradation profiles of the activity of these and the Ce-doped ZnO materials in their free form

showed good removal efficacy of all the contaminants even in a mixed matrix environment



which mimics a real scenario. By combining Soybean peroxidase (SBP) attached to the SMA
nanofibres and oxides nanoparticles into the polymer nanofibers, a synergic effect was
observed and it was particularly marked for the Ce-doped ZnO in wastewater treatment.
Supporting these materials on the SMA nanofibre mats did not compromise on the
effectiveness of the materials. These supported materials offer a potentially easier and more

practical application of the materials in water treatment applications.
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Introduction

The need for access to clean water cannot be overstated. The world’s most precious resource is
under strain. Currently a lot of research is underway to find ways of augmenting water resources
and water treatment and reuse is at the forefront of these technologies. In modern treatment
plants, chemical-biological treatments are effective in the almost complete degradation of organic
matter. However, because of the increasingly presence of recalcitrant pollutants, it is necessary to
improve wastewaters treatment technologies to obtain an even higher purification of water [1].
The incorporation of environmentally friendly techniques within the water treatment process is also
potentially very lucrative. Among the possible ways of doing this, is the exploitation of Advanced
Oxidation Processes (AOPs) coupled with biological treatments [2].

The aim of this current work is the preparation and characterization of new hybrid materials
containing both a photocatalyst and an enzyme specially designed for obtaining a stable and
efficient system useful for the degradation of organic pollutant in wastewater treatment.

The inclusion of a heterogeneous photocatalysis is a powerful solution for environmental
remediation because of the possibility to exploit natural solar light. Amongst the class of
photocatalysts, zinc oxide (ZnO) is a suitable, cheap and versatile alternative to the most often
used titanium dioxide (TiO.). Additionally, rare earth ion doping induces an improvement of the
photocatalytic efficiency of ZnO [3,4]. In this study, Ce-ZnO prepared via the hydrothermal
method was selected for the preparation of hybrid materials coupling enzymes with the aim to
enhance the oxidation capability of the system towards polluting substrates. Ce-ZnO obtained
through different synthetic strategies (i.e. hydrothermal and microwave synthesis) has already
shown promising performances in the abatement of several pollutants as well as an improvement
of the photocatalytic activity compared to the pristine ZnO [3, 5, 6].

Soybean peroxidase (SBP) was chosen as the enzyme for this study due to its low selectivity and
high resistance to chemical and thermal denaturation [7,8]. SBP is a Fe(IlI)-heme glycoprotein

localized in soybean (Glycine max) seed coats, where it is involved in the biosynthesis of cell walls
3



[9,10]. Thanks to its properties, this enzyme seems to be suitable in biotechnological applications,
such as the removal of phenol and phenolic derivatives [9,10] or dye degradation [13,14].

Despite the requirement for the addition of H,O, which is a prerequisite for SBP activation, it has
been previously shown that the combined use of SBP with semiconductor oxides can improve the
capability of the system with regards to the oxidation of contaminants thanks to some key
properties [15,16]. Additionally, the oxides could facilitate the start of the degradation of the
compounds by forming transformation products toward which SBP is active. The oxide’s ability to
form H,O: directly in solution eliminates the need to add chemicals for SBP activation.

To exploit the use of photocatalysts in treatment plants, they should be supported to avoid a
filtration step and to allow an efficient re-use. Within this contest, a suitable approach could be the
employment of electrospinning for the preparation of ultrafine fibres which are characterized by a
very high surface area to volume ratio, which results in a potential high loading capacity of the
supported substrates and is suitable for catalytic applications [17, 18]. Polymer fibres are formed
during the process of electrospinning from a charged jet of a polymer solution with a suitable
viscosity, which is stretched because of the electrostatic repulsion between the charges on the
surface. It is therefore possible to obtain fine fibres for different applications by mixing a polymer
solution with oxide nanoparticles and/or enzymes.

In the last years, few papers have been published dealing with the formation of fibres based on
ZnO and doped ZnO which have been used as photocatalysts, sensors and circuit connectors [19-
20].

In the current study, we supported the oxides and SBP on poly(styrene-co-maleic anhydride)
(SMA) nanofibre mats fabricated through the electrospinning process for the first time. SMA
copolymer is a functional polymer due to the presence of reactive maleic anhydride moiety in its
backbone. SMA can be prepared by free radical co-polymerization of styrene and maleic anhydride
using 2,2’-azobisisobutyronitrile (AIBN) as an initiator. This copolymer has low toxicity, its
production is relatively cost effective and it is completely biocompatible [21]. For these reasons,

SMA copolymers have been exploited as surface active agents, microbicides, external dopant, drug
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carriers, and excellent sorbents for the removal of heavy metal ions [22,23]. The reactive groups
on the surface of SMA make it possible to attach the enzymes thus obtaining hybrid materials [16].
We used the electrospinning technique to prepare polymeric nanofibres with SBP combined with
Zn0O, Ce-ZnO or TiO, P25 (as comparing materials). An example of a similar application was
reported by Yan et al. who incorporated ZnO nanoparticles (NPs) in polyacrylonitrile nanofibres
and exploit their use for water treatment [24]. In this study, we used the SMA polymer nanofibres
to obtain a hybrid supported materials which includes SMA-oxides nanoparticles and attached
active enzymes.

All the materials have been fully characterized and their activities evaluated toward the abatement
of six emerging contaminants (namely diclofenac, naproxen, iopamidol, imidacloprid, bisphenol A
and 2,4-dichlorophenol) both in MilliQ water and wastewater. This was done to study the possible
matrix effect and to evaluate the potential applicability of the developed materials for their use in
real systems.

Diclofenac is an anti-inflammatory drug and it is a halogenate contaminant included on the
watching list of the European Union [25]. Naproxen, also an anti-inflammatory drug, has been
detected in several places in European surface water [26]. Iopamidol is an iodinated X-ray contrast
agent, which is a recalcitrant pollutant not abated during conventional wastewater treatments
[27]. 2,4-Dichlorophenol (2,4-DCP) is a well-known contaminant used to produce herbicides [28]
and imidacloprid a broad spectrum widely distributed insecticide [29]. Lastly, bisphenol A is
employed to produce plastics and it has some reported carcinogenic estrogen-mimicking properties

[30].

2. Materials and methods

2.1. Materials and reagents
Poly(styrene-co-maleic anhydride) (SMA-C) was a commercial grade (Mw = 120 000 g/mol)

containing about 26 wt% maleic anhydride (MAnh) moieties as a statistical copolymer obtained



from Polyscope, grade SZ 26 120. Bisphenol A (>99.0%), naproxen sodium (98.0-102.0%),
imidacloprid (99.9%), diclofenac sodium salt (99.0%), iopamidol (=98%), 2,4-dichlorophenol,
phosphoric acid (=85.0%), acetonitrile were purchased by Sigma Aldrich. TiO.-P25 was purchased
by Evonik Industries. Effluent wastewaters were provided by ACEA Pinerolese Company. COD was
35 mg/L and the pH was 6.5+0.1.

SBP (RZ = 2.0) was purchased from Bio-Research Products Inc., Iowa-USA, and used without
further purification. All solutions were prepared with ultrapure water Millipore Milli-Q™ (TOC<2

ppb, conductivity>18 MQ cm).

2.2. Materials synthesis

ZnO NPs were synthetized by the hydrothermal method as described in our previous paper [3].
The synthesized polymer was dissolved in a DMF/acetone solution with a 1:3 v/v ratio. Oxide
nanoparticles (NPs) were dispersed into the polymer solution with a concentration of 10% in
weight.

Nanoparticles were coupled with SBP via two methods. In the first method, enzymes were added
to the spinning solution at a concentration of 1 mg/mL, while in the second method, named the
'POST’ method, fibres, already formed, were immersed into a 1 mg/mL enzyme solution in PBS
buffer 20 mM at pH=7.4. In both cases, the protein coupling due to the interactions between the
maleic anhydride molecules and the amino groups present on the SBP surface [21] was successful.

But, in the ‘POST’ method, SBP did not undergo the stress of the electrospinning process.

Table 1: Synthetized samples description. Electrospinning conditions: 20 kV voltage, 15 cm tip-collector distance, 0.1

mL/min flow rate, normal room temperature and very low humidity maintained using a dehumidifier.

NAME SAMPLE DESCRIPTION

SMA Pristine SMA nanofibres

SMA-TIO: SMA nanofibres + TiO, P25 nanoparticles (10% weight/weight)
SMA-ZnO SMA nanofibres + ZnO nanoparticles (10% weight/weight)




SMA-Ce-ZnO

SMA nanofibres + ZnO (Ce) nanoparticles (10% weight/weight)

SMA-SBP

SMA nanofibres + SBP added to the electrospinning solution

SMA-TiO-- SBP

SMA nanofibres + TiO, P25 nanoparticles (10% weight/weight) +

SBP added to the electrospinning solution

SMA-ZnO- SBP

SMA nanofibres + ZnO nanoparticles (10% weight/weight) + SBP

added to the electrospinning solution

SMA-Ce-ZnO-SBP

SMA nanofibres + ZnO (Ce) nanoparticles (10% weight/weight) +

SBP added to the solution

SMA-Ce-ZnO- SBP

SMA nanofibres + ZnO (Ce) nanoparticles (10% weight/weight) +

SBP added to the solution

SMA-SBP POST

SMA nanofibres + SBP added with the post treatment

SMA-TIO>-SBP POST

SMA nanofibres + TiO, P25 nanoparticles (10% weight/weight) +

SBP added with the post treatment

SMA-ZnO- SBP POST

SMA nanofibres + ZnO nanoparticles (10% weight/weight) + SBP

added with the post treatment

SMA-Ce-ZnO-SBP

POST

SMA nanofibres + ZnO (Ce) nanoparticles (10% weight/weight) +

SBP added with the post treatment

2.3. Irradiation procedure

Irradiation experiments were carried out using a Pyrex glass cells containing 5 ml of the target
molecules in solution. The concentration of the compounds was 10 mg/L when irradiated
separately and 2 mg/L in the mixture, while the photocatalyst concentration was 1000 mg/L. The
tests with the supported materials were performed in Petri dishes with 30 ml of solution. When
nanofibres were tested, a rectangle with an area of 5.35 cm? was used with an average

concentration of catalyst of 7.8 mg, calculated considered the weight of the fibres and the amount

of nanoparticles determined by the TGA measurements.




Samples were subjected to different irradiation times using a Philips TLK/05 lamp 40 Watt with
maximum emission at 360 nm. The pH was measured for all samples before and after the
irradiation treatment. In the case of the mixture of contaminants, the initial pH was 5.4 and after
the photocatalytic treatment it was determined to be 5.1 £ 0.3.

Experiments with soybean peroxidase in aqueous solution were performed in the dark by using the
same protocol and analyzing the solution at different reaction times. The concentrations of SBP

and H,0, were 1x10®%M and 1x10* M, respectively.

2.4. Analytical procedures

The disappearance of analytes was monitored using a Merck-Hitachi liquid chromatographer
equipped with a Rheodyne injector L-6200 and L-6200A pumps for high-pressure gradients, L-
4200 UV-Vis detector (the detection wavelength was set at 240 nm) and a column LiChrocart RP-
C18 (Merck, 12,5 cm x 0,4 cm). Isocratic elution (1 mL/min flow rate) was carried out with 80% of
phosphate buffer 1x102 M at pH 2.8 and 20% acetonitrile and retention time was 6.45 min. The
detection wavelength was set at 220 nm.

The mixture of analytes was detected by using a gradient elution (1 mL/min flow) with 90%
phosphate buffer 1x102 M at pH 2.8 and 10% of acetonitrile 10/100 at 0/35. The retention times
were 2.26, 13.51, 23.31, 24.07, 24.68 and 29.38 for iopamidol, imidacloprid, bisphenol A, 2,4-

dichlorophenol, naproxen and diclofenac. The detection wavelength was set at 210 nm.

2.5 Materials characterization technigues
Powder X-rays diffraction (XRD) patterns were recorded with a PANalytical PW3040/60 X'Pert PRO
MPD using a copper Ka radiation source (0.15418 nm). The intensities were obtained in the 26

ranges between 20° and 100°. The X'Pert High-Score software was used for data handling.



The surface area measurements were carried out on a Micromeritics ASAP 2020 using the
Brunauer—-Emmett-Teller (B.E.T.) model to analyze the N, adsorption isotherms measured at 77K.
Prior to each run, all the samples were degassed at 160°C for 3h.

Morphological analysis of the synthesized materials was carried out using scanning electron
microscopy (SEM). The SEM is a FEI Nova NanoSEM 230 with a field emission gun (FEG). The
samples were carbon coated lightly prior to image acquisition. The beam conditions during the
image analysis were 5 kV acceleration voltage Extra-High Tension (EHT) target, 250 pA beam
current (I-Probe), less than 4 mm working distance (WD) and a high resolution column
configuration (Column Mode). For cross-sectional SEM imaging, the samples were frozen using
liquid nitrogen and broken using tweezers prior to coating and imaging the cross sections.

The diameter of the nanofibres was measured using AxioVision at 100 different points and the
diameter distribution was plotted to obtain the average diameter of the fabricated mats.
Transmission electron microscopy (TEM) was used for in-depth imaging of the fabricated
nanofibres. The TEM used for imaging was a FEI Tecnai T20 equipped with a LaB6 emitter,
operating at 200 kV and fitted with a Gatan Tridiem GIF with a 2kX2k CCD camera. Images were
collected using Gatan Digital Micrograph software.

Thermogravimetric analysis of the materials was performed on a Q500 thermogravimetric analyzer
in air at 10 °C. min! to determine their thermal stability. This instrument determines changes in
weight in relation to change in temperature, which translates to the ability of the material to
withstand high temperatures. Weight loss in % was used over the temperature range 0-900 °C.
ATR-FTIR spectroscopy was carried out on a Nexus infrared spectrometer that was equipped with
a smart golden gate attenuated total reflectance diamond from Thermo Nicolet with ZnSe lenses.
Every sample was scanned 64 times with 4.0 cm-1 resolution. The software that was used on the

system to do the data analysis was Omnic Software, version 7.2.



3. Results
3.1. Materials characterization

The Sger analysis of the ZnO and Ce-ZnO samples shows a very low value for the surface area, less
than 10 m?/g as already described elsewhere [3].

The XRD patterns of the samples investigated in this work are shown in the supplemental
information (Figure S1). The peaks corresponding to the diffraction patterns of hexagonal Wurtzite
phase of ZnO were observed. The introduction of Cerium does not bring about any modifications in
the crystal structure of the ZnO, but the cerium introduced as a dopant in the sample generates a
new phase of CeO; as it can be seen in Figure S1 [3].

In addition to the evaluation of the free compounds, the synthetized oxides and SBP were
supported on SMA nanofibres obtained by the electrospinning technique. Hybrid materials
prepared with oxides, enzyme and SMA nanofibres were synthetized as described in Table 1, and
characterized via FTIR, SEM, TEM, TGA and XRD analyses.

Figure 1 shows the ATR-FTIR spectrum of pristine SMA. The absorption bands at 1855 and 1770
cm™! are characteristic for asymmetric and symmetric C=0 stretching vibrations from the
anhydride groups, while the signals at 1605 cm™! and 1500 cm™! are caused by (C=C) stretching
of the aromatic ring and (C—H) bending vibration of the aromatic ring. Bands at 916, 1078 and
1220 cm™! are due to cyclic anhydride groups.

The presence of nanoparticles inside the electrospinning solution could influence the process, due
to the changing in the solution properties (i.e. viscosity, charge and surface tension) [32,33]. This
is illustrated by the fact that the fibre diameters are different in the presence of the NPs.

Figure 2 shows the nanofibres obtained by coupling the oxides with the SBP enzyme to the oxide
containing SMA following two methods (see section 2.2 for details). Details about the Figure 2 are

shown in Table 2.

Table 2: Descriptions of images in Figure 2
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Figure Sample description

Al SEM image of pristine (pure) SMA nanofibres

A2 TEM image of pristine (pure) SMA nanofibres

A3 Cross-sectional SEM image of pristine (pure) SMA nanofibres

B1 SEM image of of SMA-Ce-ZnO nanofibres

B2 TEM image of SMA-Ce-ZnO nanofibres

B3 Cross-sectional SEM image of SMA-Ce-ZnO nanofibres

C1 SEM image of SMA-Ce-ZnO-SBP nanofibres

C2 TEM image of SMA-Ce-ZnO-SBP nanofibres

C3 Cross-sectional SEM image of SMA-Ce-ZnO-SBP nanofibres

D1 SEM image of SMA-Ce-ZnO-SBP (POST) nanofibres

D2 TEM image of SMA-Ce-ZnO-SBP (POST) nanofibres

D3 Cross-sectional SEM image of SMA-Ce-ZnO-SBP (POST)
nanofibres

From the SEM images reported in Figure 2 several observations are notable: firstly, the smooth
morphology of SMA observed (Figures 2A1-A3) disappears with the addition of Ce-ZnO which is
evidenced by the lumpy protrusions in both the SEM (Figure 2B1) and cross-sectional SEM (Figure
2B3) images. The TEM image (Figure 2B2) further confirms the presence of the nanoparticles with
the distinct black dots on the nanofibres. With the addition of the SBP enzyme, another distinct
morphological change is observed: the nanofibres show some swelling as well as squashing
(Figure 2C1-C3). The addition of the peroxidase did not influence the spinnability or the
distribution of the nanoparticles inside the nanofibres. Further swelling of the nanofibers is also
observed in the images of SMA-Ce-ZnO-SBP (POST) nanofibres (Figures 2D3). Despite all these
morphological changes however, the nanofibres maintain their integrity. This is a very important
tool considering that the final goal of this work is the use and application of the nanofibres. The

diameter variations of the nanofibres were confirmed using diameter measurements taken using
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AxioVision software. Figure 3 shows the average distribution of SMA nanofibres and SMA-Ce-ZnO-
SBP (POST) nanofibres. The increase from an average of about 200 nm to about 300 nm in
diameter was observed on the nanofibre diameters.

The amount of nanoparticles in the composites was determined by TGA analysis as shown in
Figure 4. For pristine SMA sample, the total weight loss was about 97%. From 400 K to 450 K it
exhibits a weight loss of about 85%, attributable to the decomposition of the polymer. From 450 K
to 800 K there is a further weight loss of about 10-12%, due to the decomposition of the
remaining organic compounds. The composite materials show a lower total weight loss, due to the
presence of nanoparticles, which are thermally stable in this temperature range. The amount of
nanoparticles inside the fibres was determined to be 10-15%. Even following the enzyme addition
to the materials, the TGA curves show a similar trend as was shown for the Ce-ZnO based

materials.

3.2. Evaluation performed in dispersed aqueous matter

Preliminarly, an adsorption test in the dark was done for all the pollutants and, in all cases, it was
found to be negligible. The six different pollutants (separately or in mixture) were then treated
with the synthetized materials or SBP enzyme dispersed in aqueous solution.

The photocatalytic efficiency of the pristine and cerium doped ZnO (Ce-ZnO) in the abatement of
the single compounds in MilliQ water was firstly evaluated and the results are compared with those
obtained with the benchmark, TiO,. It was found that the Ce-ZnO led to the fastest degradation of
all compounds, as shown in Figure 5. The high efficiency of the Ce-ZnO was remarkable toward all
pollutants and, in particular, on the degradation of iopamidol, the most recalcitrant compound.
This is in agreement with data already reported by some of us [3]. In the presence of the Ce-ZnO
sample, iopamidol was almost completely degraded within 15 minutes. At that time, only 35% was

abated using TiO, as catalyst. Naproxen exhibits the fastest degradation with all materials tested
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and a complete abatement was obtained within 15, 13 and 7 min in the presence of TiO,, pristine
ZnO and Ce-ZnO, respectively.

The same experiments were repeated in the presence of the SBP 1x10® M and hydrogen peroxide
2x10* M. SBP led to the complete removal of 2,4-DCP and bisphenol A within 20 and 70 min,
respectively, and to a partial degradation of the other organic compounds. After 2h, 20% of the
naproxen and diclofenac, 12% of the imidacloprid, and 4% of the iopamidol were degraded
(Figure 6).

The photocatalytic efficiency of the materials was then tested toward the abatement of a mixture
of the six contaminants in MilliQ water and effluent wastewater (EWW). Figure 7 shows abatement
curves for each pollutant. The pseudo-first order kinetic constants were determined and are shown
in Table 3. Once again, the Ce-ZnO led to the fastest abatement of all pollutants in both matrices
and the kinetic improvement was remarkable above all toward the abatement of iopamidol,
bisphenol A and 2,4-dichlorophenol. In MilliQ water, the kinetic constant values increased nearly
four times for iopamidol and imidacloprid and three times for 2,4-dichlorophenol when passing
from TiO, to Ce-ZnO. With TiO, the time of abatement increased from 10 min for diclofenac and
naproxen up to more than 20 minutes for iopamidol, imidacloprid and 2,4-DCP (see Figure 7A,
left). In the case of the naproxen, the fastest abatement was achieved in the presence of Ce-ZnO,
where 4 minutes were enough to achieve its complete degradation, while 10 or 12 min were

required for TiO; and pristine ZnO, respectively.

Table 3: Kinetics constants for the abatement of the contaminants in MilliQ water and effluent wastewater

with TiO2, ZnO, Ce-ZnO and SBP.
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EWW 3.50 1.80 1.50 4.20 3.60 4.10

MilliQ 6.10 5.40 3.20 28.5 14.8 22.5
Zn0

EWW 5.9 5.30 1.80 15.5 10.9 14.8

MilliQ 30.2 19.00 15.50 76.3 45.2 52.9

Ce-ZnO

EWW 10.0 9.10 2.30 31.1 16.2 26.7

MilliQ 11.4 0.10 0.05 0.30 3.40 0.50
SBP

EWW 6.30 0.07 0.02 0.20 2.00 0.40

In EWW, a loss of efficiency occurred for all the photocatalysts, but the Ce-ZnO still maintained the
highest activity toward the abatement of all the investigated compounds even in the presence of
the potential interferences (like the dissolved organic matter and inorganic ions in wastewater). In
the presence of TiO,, only diclofenac and naproxen were almost completely degraded within 60
min, while with the Ce-ZnO all compounds were completely abated in the same time window, with
iopamidol as the only exception (Figure 7C, right). When analyzing the kinetic constant values for
the naproxen, diclofenac and imidacloprid the kinetic constants were seven, six and five times
higher respectively with the Ce-ZnO than in the case of the TiO..

Experiments with the SBP in aqueous solution confirm the good capability of peroxidases in
degradation of 2,4-DCP and bisphenol A [26], whereas the abatement of the other compounds is
much slower. Comparing the kinetic constant values obtained in the two matrices, the decrease in
the wastewater is marked only in the case of 2,4-DCP and bisphenol A (almost two times lower),
while it is less noticeable for diclofenac, iopamidol, imidacloprid and naproxen. It is possible to
hypothesize that the photocatalytic activity of semiconductors is negatively influenced by the
presence of dissolved organic matter inside the wastewater, which could act as scavenger of
radical intermediates, whereas the enzyme activity is less influenced by the presence of the same

species.
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During the photocatalytic process, a large humber of highly reactive radicals, such as superoxide
anions and hydroxyl radicals, are generated. The reaction between them can led to the formation

of H,O; following the process (Eq. 1-3):

02" + *OH — HOO® Eqg.1
HOO*® + & —» HOO Eq.2
HOO + H* — H;0; Eq.3

As previously observed in systems with the contemporary presence of TiO, and SBP [15, 16], the
generated H,O, can activate the catalytic cycle of SBP and contribute to the oxidative process.
Moreover, intermediate species formed by photocatalysis can be also oxidized by SBP, increasing
the overall degradation rate.

Measurements of the production of H.O, were performed for all oxides (Figure S2) and they
showed that the Ce-ZnO lead to the most efficient production of H,O,. According to these results
the combination between Ce-ZnO and SBP is expected to improve the oxidation capability of the

combined system.

3.3. Photo-activity test of the self-supported materials

The performance of nanofibres activity was tested on the mixture of the six contaminants. The
absorption on fibres performed in the dark showed negligible results (Figure S3). The fibres with
SBP attached showed a weak activity when H,0, (1x10“ M) was added to the solution, as shown
in Figure S4.

The photoactivity was once again tested in two matrices, MilliQ water and EWW, and the
calculated kinetic constants determined are shown in Table 4. The results show that the efficacy of
the nanofiber composite materials was maintained relative to the free materials. This is due to the
extremely high surface area of the materials. The Ce-doped ZnO materials once again maintained
the best performance when dispersed in nanofibres. As previously described in a recent paper by

some of us [rif], the role of Cerium in zinc oxide is crucial in the formation of interfaces that seem
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to be the active site during the irradiation process. In MilliQ water, SMA-TiO, and SMA-ZnO
exhibited scarce abatement of the contaminants, with only the 2,4-DCP being the exception. This
compound was almost completely degraded in 24 hours. When analyzing the data for the hybrid
materials, it is evident that there is a synergic effect between the oxide and enzyme in almost all
the cases. It is evident from the results that the best performances are obtained for the nanofibres
prepared through the POST attachment method. This is most likely due to the fact that the SBP
may undergo a partial denaturation during the electrospinning process, resulting in a decrease in
the enzymatic activity. It is notable that the effect of SBP is evident for all the substrates. In the
case of the SMA-Ce-ZnO and SBP prepared through the POST method, the kinetic constants for
iopamidol, imidacloprid and bisphenol A increased from 2.17x10* min, 2x10* min? and 2x10™*
min (SMA-Ce-ZnO only) to 12x10* min?, 9.33x10* mint and 7.17x10* min* (SMA-Ce-ZnO plus
SBP). Once again, the best performance was achieved with the Ce-ZnO composite, which led to
the complete abatement of diclofenac and 2,4-DCP, 90% of naproxen, 85% of imidacloprid and

70% of iopamidol and bisphenol A all within 24 h.

Table 4: Kinetic constants calculated for the abatement of the contaminants with the different materials in

MilliQ and effluent wastewater (EWW).
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MilliQ 93.3 3.33 1.50 30.0 13.3 36.67
SMA-TiO:2
EWW 6.67 6.67 1.00 1.50 15.0 0.13
MilliQ 98.33 33.3 - 10.00 20.0 35.0
SMA-ZnO
EWW 5.00 15.0 3.33 - 13.3 15.00
MilliQ 86.7 20.0 21.67 151.7 20.0 96.67
SMA-Ce-ZnO
EWW 31.7 11.7 6.67 21.67 5.00 18.33
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MilliQ 110 50.0 30.0 51.7 55.0 28.33

SMA-TiO2-SBP
EWW 66.7 6.67 1.67 41.7 30.0 36.67
MilliQ 86.7 6.67 - 11.67 15.0 6.67

SMA-ZnO-SBP
EWW 66.7 3.30 1.67 39.0 11.7 10.6
SMA-Ce-Zn0O- MilliQ 117 93.3 73.3 98.3 78.3 50.0
SBP EWW 108 11.7 23.3 40.0 31.67 18.3
SMA-TiO2-SBP MilliQ 86.7 5.00 23.3 45.0 5.00 26.7
POST EWW 167 6.67 13.3 50.0 23.3 10.0
SMA-ZnO-SBP MilliQ 157 10.00 6.67 41.7 43.3 30.00
POST EWW 142 11.7 6.67 38.3 35.0 23.33
SMA-Ce-Zn0O- MilliQ 183 93.3 120 161.7 71.67 163.3
SBP POST EWW 130 35.0 50.0 121.7 56.67 61.67

The synergic effect between the oxides and SBP was even more marked in the EWW for all
materials. Materials obtained with Ce-ZnO were the most efficient probably thanks to the
combination of the higher photocatalytic activity of the oxide comparing to the ZnO and the P25
[3] and to the higher production of H,O, that can activate the SBP. Comparing the SMA-Ce-ZnO
composite with the SMA-Ce-ZnO-SBP POST materials, it is evident that the constant rates to 4, 7
and 5 times for 2,4-DCP, iopamidol and naproxen, respectively, when the SBP is attached to the
nanofibres (see Table 3). This indicates that the SBP does not lose its activity when dispersed (or
attached) to the fibres and that the active role played by SBP is maintained. It has already been
shown that this is the case when attached to monoliths [16] or on a polymeric filler [15] in the
presence of TiO,. These results have shown that this activity is still maintained and even enhanced

in the electrospun fibres and in the presence of Cerium doped ZnO.
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Conclusions

In this paper a great attention was focused on the synthesis, characterization and testing of new
type of hybrid materials obtained by supporting semiconductor oxides and SBP onto electrospun
nanofibres. The composite nanofibres containing the oxide nanoparticle were produced by
electrospinning SMA polymer in the presence of the NPs. The results show that these NPs where
successfully incorporated into the polymer nanofibres, both when added to the electrospinning
solution and with the POST method.

The ZnO-based materials and enzyme hybrid materials in their free form as well as supported on
nanofibres were tested with regards to the efficacy for the removal of several emerging
contaminants in wastewater. It was shown that the catalytic activity increased by combining Ce-
doped ZnO with SBP for the removal of substrates with different chemicals properties. Moreover,
this advantage was maintained when those materials were applied in a complex matrix.
Importantly, the nanofiber composite materials maintained the efficacy respect to the free
materials. Moreover, the attached enzyme and the NPs containing nanofibres have a synergic
effect, particularly evident in the treatment of the most recalcitrant substrates. It should also be
noted that SBP, in the composite materials, significantly enhances the reaction rate even in the
case of substrates to which it has a low affinity, thus expanding the application field of this
enzyme. Finally, our results show for the first time that even in effluent wastewater, the Ce-doped
ZnO photocatalyst, included in the polymer nanofibres and attached with the active enzyme,
exhibit a high efficiency and could then be potentially used for the abatement of recalcitrant
pollutants in tertiary water treatment. These supported treatment systems potentially increase the
applications of self-supported materials to the abatement of pollutants and open the door to real

systems.
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Figure captions
Figure 1: FT-IR spectrum of pristine SMA.

Figure 2: SEM and TEM and cross-sectional SEM images of fabricated materials as described in
Table 1

Figure 3: Fibre diameter analysis indicating an increase in fibre diameter from around 200 nm for

the pure SMA nanofibres to around 300 nm in the case of SMA-Ce-ZnO-SBP (POST) nanofibres
Figure 4: TGA curves of pristine SMA and SMA-ZnO (Ce) nanofibres functionalized with SBP.

Figure 5: Degradation profiles of the single contaminants (10 mg/I) using TiO, (A), pristine ZnO

(B), and Ce-doped ZnO (C) in MilliQ water.

Figure 6: Degradation profiles over time for the pollutants (10 mg/l) with SBP (1x10® M) and

H.0; (1x10* M).

Figure 7: Curves of the abatement of the pollutants mixture (2 mg/l each) in MilliQ water (left)

and wastewater (right): TiO, (A), pristine ZnO (B), and Ce-ZnO (C).
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Figure 2
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Figure 3
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Figure 5
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Figure 6
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Figure 7
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