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Abstract:

This study presents a Cuz(POs)/CuWO4 composite catalyst (CuPW-1/1), synthesized
using a facile co-precipitation method, as a promising catalyst for efficient degradation of
tetracycline (TC) in water via H>O»-based advanced oxidation processes (AOPs). In a Fenton-
like process, CuPW-1/1 was found to be 19 and 66 times more efficient in TC degradation than
CuWOs and Cuz(POs4),, respectively. Moreover, the efficiency of the CuPW-1/1 composite in
TC degradation can be further enhanced upon exposure of the reaction medium to ultraviolet
(UV) light, achieving more than 90% antibiotic removal in just 30 minutes of the reaction at
very low catalyst loading and H>O» dosage. The strongly enhanced activity of the composite
catalyst in a Fenton-like process originated from the unique surface properties of this material
which enabled a high dispersion of the main active component responsible for the activation
of H20> (Cuz(PO4)2) and provided strong interface contact between copper(Il) phosphate and
copper(Il) tungstate, promoting more efficient degradation of TC in a photocatalytic and photo-
assisted Fenton-like processes due to the formation of type I heterojunction. The main
oxidizing species responsible for the highly efficient degradation and mineralization of TC
were hydroxyl radicals. Furthermore, it was established that the CuPW-1/1 composite can
efficiently degrade TC in a complex water matrix and can be successfully reused several times
without any significant decrease in its efficiency. The results of this study may have a
significant impact on the development of new catalysts for H2O>-based AOPs addressed to

water treatment under environmentally relevant conditions.
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1. Introduction

Tetracycline (TC) is one of the most commonly prescribed antibiotics in modern
medicine [1]. Nowadays, this chemical compound is frequently detected in both wastewater
and surface water, where it occurs at concentrations ranging from trace levels (ng/L) to tens of
micrograms per liter, particularly in areas near livestock farms and pharmaceutical
facilities [2,3]. Much higher concentrations of this drug have been detected in effluents from
pharmaceutical wastewater treatment plants (up to 32.0 mg/L) [4,5]. This situation is alarming,
as even trace amounts of antibiotics discharged into the environment can contribute to the
development of antibiotic-resistant bacteria, leading to increased mortality and morbidity [6].
Therefore, the development of highly efficient methods that allow for the avoidance of
discharging antibiotics into the environment from wastewater treatment plants is one of the
most important environmental issues, crucial from the perspective of protecting human health

and aquatic life.

Among various methods, advanced oxidation processes (AOPs) have emerged as an
auspicious approach to achieve rapid and efficient degradation of organic pollutants in water,
due to the formation of highly oxidizing and non-selective reactive oxygen species (ROS), such
as hydroxyl radicals ("OH) [7]. One of the most widely investigated AOPs are Fenton, and
Fenton-like processes in which ROS are formed upon catalytic activation of hydrogen
peroxide [8]. To date, the most commonly used heterogeneous catalysts have been based on
nanomaterials containing iron or copper oxides [9,10]. In recent years, increasing attention is
being directed towards the development of catalysts based on insoluble metal salts such as
copper(Il) tungstate (CuWO4) or copper(Il) phosphate (Cu3(POs)). CuWO4 is a
semiconducting material characterized by a narrow band gap (ca. 2.2-2.4 eV), low toxicity, and
high stability against photo-corrosion and chemical corrosion in a neutral and acidic
medium [11]. To date, this material has been successfully used as a photocatalyst for the
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production of hydrogen [11], and the photocatalytic degradation of various organic pollutants,
including methylene blue [12—14] and tetracycline [15]. Although there are no reports on the
direct application of CuWOys in Fenton-like processes, data from the previous literature reveal
that the efficiency of pollutant degradation in the presence of CuWO4 as a photocatalyst can be
significantly improved by adding H»O; to the reaction medium. For example, previous studies
have shown that CuWOg4 nanoparticles achieved complete degradation of methylene blue (MB)
within 30 minutes and methyl orange (MO) within 75 minutes when the reaction was
performed in the presence of H,O> and under exposure to sunlight [16]. Similarly to CuWOu4,
Cu3(POs)2 has also been recognized as a promising catalyst for the degradation of organic
pollutants via photo-assisted Fenton-like processes (e.g., ciprofloxacin [17], and Rhodamine B
[18]). For example, recent studies by Rozmyslak et al. [17] revealed that Cu3(PO4)2 exhibits
ca. 7 times higher activity in the degradation of ciprofloxacin in the presence of H2O; than
commercial CuO, and it is several times more active in this process than other metal
phosphates. Recently, Chen et al. [18] have observed a significant enhancement of Cu3z(PO4)>

activity in Fenton-like degradation of Rhodamine B and Rhodamine 6G upon exposure to light.

A notable strategy to improve the catalytic activity of CuWO4 and Cuz(PO4)2 involves
the formation of composites with other inorganic materials. For example, CuWO4 has been
successfully coupled with various semiconductors to improve its activity in photocatalytic
processes (e.g., WOs3 [19], NiFe;O4 [20], MIL-101(Fe) [21], Bi2WOs [22], and ZnO [14]).
Recent studies by He et al. [23] revealed that nanocomposites containing TiO2 and CuWO4
exhibit a much higher efficiency in photocatalytic degradation of atrazine than the individual
components due to the enhanced efficiency of charge separation and more efficient formation
of ROS upon exposure to light. Regarding the Cu3(POs)2-based composites, Subalakshmi et
al. [24] revealed that deposition of Cuz(POs), on the surface of MgO enabled much higher

activity in photocatalytic degradation of amaranth dye than that observed for pristine MgO and
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Cu3(PO4)2 materials. However, to our knowledge, there are no reports in the literature related
to the development of CuWO4/Cu3(POs)> composites and their application in the degradation
of antibiotic pollutants via Fenton-like or photo-assisted Fenton-like reactions. Based on the
data from the previous literature described above, it was hypothesized that the unique ability
of CuWO4 and Cu3z(POs4), catalysts to activate HoO> towards formation of ROS via Fenton-like
process and photocatalytic properties of these materials make them interesting candidates for
the application in photo-assisted Fenton process, in which the efficiency of radicals formation
via Fenton-like mechanism will be significantly improved upon exposure of the reaction
medium to ultraviolet (UV) light. Furthermore, it was expected that Cuz(PO4)2 and CuWO4
would form a heterojunction that facilitates the separation of photo-excited charge carriers in

these semiconductors, leading to improved catalytic activity.

This study aims to synthesize and in-depth characterize new composite catalysts based
on CuWO4 and Cu3(POs)2, prepared via a facile one-pot co-precipitation approach, for the
degradation of tetracycline in the presence of hydrogen peroxide as an oxidant. To the best of
our knowledge, this is the first study to investigate such composite catalysts in H>O»-based
AOPs. Particular attention was paid to evaluating the catalytic activity of the as-prepared
materials in Fenton-like, photocatalytic, and photo-assisted Fenton-like processes, unraveling
the nature of synergistic interaction between individual components of the catalysts, and
identification of the primary reactive species formed upon catalytic activation of H>O; in the
dark and upon exposure to UV light (Fenton-like vs. photo-assisted Fenton-like processes).
The studies also included an evaluation of the role of various ROS in the degradation of
tetracycline and the evaluation of its degradation pathways based on research using liquid

chromatography-mass spectrometry (LC-MS) analytical technique.

2. Experimental

2.1. Chemicals and reagents



Copper(Il) nitrate trihydrate (Cu(NO3)2 - 3H20, Sigma-Aldrich, 99-104%), sodium
phosphate dibasic (NaxHPOs4, Sigma-Aldrich, 98-100.5%), sodium tungstate dihydrate
(Na2WO4 - 2H20, Sigma-Aldrich, >99%), tetracycline hydrochloride (C22H24N20g - HCI,
Sigma-Aldrich, >95%), hydrogen peroxide (H202, Sigma-Aldrich, 30%), sodium azide (NaN3j,
Sigma-Aldrich, >99.5%), chloroform (CHCl;, Honeywell, >99.8%), dimethyl sulfoxide
(DMSO, (CH3)2S0, Sigma-Aldrich, >99.5%), barium sulfate (BaSOs, Nacalai tesque, >98),
nitric acid (HNO3, Sigma-Aldrich, >65%), 5,5-dimethyl-1-pyrroline N-oxide (DMPO, Sigma-
Aldrich, >97%), 2,2,6,6-tetramethylpiperidine (TEMP, Sigma-Aldrich, >99%) were used

without further purification. Deionized water (DI) was used throughout this study.

2.2. Synthesis of the catalysts

All materials were synthesized by the simple precipitation method. For the preparation
of Cu3(PO4)2, 5.71 g (23.64 mmol) of Cu(NO3) - 3H20 and 4.50 g (31.70 mmol) of Na,HPO4
were dissolved in 118 and 158 mL of DI water, respectively. Both solutions were stirred until
all salts were fully dissolved. Subsequently, the solution of sodium phosphate dibasic was
added to the solution containing copper(Il) nitrate trihydrate. The precipitation reaction
occurred immediately upon mixing, leading to the obtainment of a light-blue precipitate. The
mixture was intensively agitated for 1 hour at room temperature to ensure complete
precipitation of metal ions. Afterwards, the precipitate was separated by centrifugation, washed

with deionized water, and dried for 24 hours at 80 °C.

To synthesize CuWOs, 2.33 g (9.64 mmol) of Cu(NO3)> - 3H20 and 3.18 g (9.64 mmol)
of Na;WOys - 2H>0 were dissolved in 48 mL of DI water each. The solutions were stirred until
transparent and homogeneous solutions were obtained. Then, the solution containing sodium
tungstate dihydrate was added to the copper(Il) nitrate trihydrate solution under continuous

stirring. A light-green precipitate immediately formed after mixing both solutions. Following



1 hour of intensive agitation, the precipitate was separated by centrifugation, washed with

deionized water, and dried for 24 hours at 80 °C.

For the synthesis of a composite catalyst containing Cuz(PO4)> and CuWO4 with an
assumed mass ratio equal to 1:1 (sample labelled as CuPW-1/1), 2.30 g (9.52 mmol) of
Cu(NO3)2 - 3H>O were dissolved in 48 mL of DI water. At the same time, 0.90 g (6.34 mmol)
of Na2HPOg4 and 1.56 g (4.73 mmol) of Na;WOs - 2H20 were dissolved together in 56 mL of
DI water in a separate vessel. Then, the solution containing sodium tungstate dihydrate and
sodium phosphate dibasic was stirred into the solution containing copper(Il) nitrate trihydrate.
The precipitation reaction occurred immediately once these solutions were mixed and led to
the obtainment of a light-blue precipitate. After 1 h of intensive agitation, the solid sample was
separated by centrifugation, washed with DI water and dried for 24 hours at 80 °C. For
comparison purposes, several samples with different Cu3(PO4)2/CuWO4 mass ratio were
synthesized using the same experimental procedure. All details related to the synthesis of these

samples are provided in Table S1 (see Supplementary Data; SD).

2.3. Characterization of catalysts

All materials prepared in this study were characterized using various experimental
techniques, including: X-ray diffraction measurements (XRD; D8 Advance diffractometer,
Bruker), low-temperature adsorption-desorption of nitrogen (Autosorb 1Q, Quantachrome),
inductively coupled plasma optical emission spectrometry (ICP-OES; model 9820, Shimadzu),
field-emission scanning electron microscope (FE SEM; Quanta 250 FEG) coupled with
energy-dispersive X-ray spectroscopy (SEM-EDS), high-resolution transmission electron
microscope (HR TEM; JEOL ARM 200F), attenuated total reflectance — Fourier transform
infrared spectroscopy (ATR-FTIR; IRSpirit-X, Shimadzu), diffuse reflectance ultraviolet-

visible spectroscopy (DR UV-vis; UV-2600i, Shimadzu), X-ray photoelectron spectroscopy



(XPS; Phoibos150 NAP analyzer, Specs), zeta potential measurements (Zetasizer Nano ZS,
Malvern), electron paramagnetic resonance spectroscopy (EPR; MS400 X-band spectrometer,
Magnettech). Experimental details related to the characterization of materials using all these

techniques are provided in the extended experimental section (see SD).

2.4. Catalytic activity test

Catalytic activity tests were performed in a 250 mL beaker under batch conditions,
where 7.5 mg of catalyst was dispersed in 200 mL of TC solution (50 mg/L) at room
temperature and stirred in the dark for 30 min to establish the adsorption-desorption
equilibrium (stirring rate: 600 rpm). Then, 50 uL. of H2O> was added to initiate the catalytic
reaction. All catalytic tests related to the degradation of TC in the presence of hydrogen
peroxide (Fenton-like processes) were performed under dark conditions to avoid photocatalytic
degradation of the antibiotic. In the case of photocatalytic and photo-assisted Fenton-like
processes, the reactor was irradiated using a homemade light-emitting diode (LED) reactor
presented in Fig. S1. The LED light source was based on single LEDs with a wavelength of
365-370, 380-390 (BRIDGELUX, USA). The diodes were placed on an aluminum heat sink
using thermally conductive glue (AG TermoGlue, Poland), and then connected in series.
Finally, the LEDs were combined with an LED driver (Topxin Electronics Co., China) to give
a power of 25 W, which was confirmed using a GB202 wattmeter (GreenBule, China). The
efficiency of tetracycline removal was determined using UV-vis spectroscopy (Shimadzu, UV-
19001, Japan). After a selected reaction time, 4 mL of the reaction mixture was collected from
the batch reactor using a syringe, and the catalyst was separated by filtration using a syringe
filter (Whatman, hydrophobic, PTFE, 0.2 um). The filtration process through a syringe filter
had no impact on the concentration of TC in the filtrate. The efficiency of the antibiotic removal
in the presence of H>O> was determined by measuring the absorbance characteristic of TC at

375 nm where no noticeable disruption originating from the presence of hydrogen peroxide
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(H202 dose ranging from 25 to 500 uL. of H2O»> per 200 mL of TC solution) was observed (Fig.

S2).

All experimental details related to the analysis of pathways of tetracycline degradation
using LC-MS studies and the analysis of the efficiency of the antibiotic mineralization based
on the measurement of total organic carbon (TOC) concentration in the post-reaction mixtures
are provided in the extended experimental section (see SD). The extended experimental section
also includes description of experiments with the use of reactive oxygen species scavengers,
catalytic tests carried out using environmentally relevant water matrices, and reuse tests

(stability studies).

3. Results and discussion

3.1. Physicochemical properties of the catalysts

Fig. 1A presents the XRD patterns of the as-prepared catalysts. Cuz(POs), and CuWO4
materials exhibited diffraction peaks consistent with the monoclinic structure of Cuz(POs); -
3H>0O (PDF-00-022-0548) and the triclinic structure of CuWO4 - 2H>O (PDF-00-033-0503),
respectively. The formation of crystalline CuWO4 and Cu3(POs), was additionally confirmed
by analysis of Fourier transformation (FFT) diffractograms. As shown in Fig. S3, the lattice
spacing determined for copper(Il) phosphate and copper(Il) tungstate was in good agreement
with previous literature data [25,26]. In contrast, CuPW-1/1 sample was amorphous as
evidenced by both powder XRD and TEM (not shown), which indicates that the CuWO4 and
Cu3(POs4)2 phases in the composite sample lost long-range crystallinity. The lack of a well-
defined diffraction pattern for CuPW-1/1 made it challenging to determine its chemical
composition and structure. Therefore, complementary characterization techniques were

required to achieve more comprehensive information on the composition of this material.



ATR-FTIR spectroscopy led us to identify the main functional groups in the catalysts.
As shown in Fig. 1B, the IR spectrum recorded for Cuz(POs4), revealed the presence of
absorption bands at 604 cm™! and a broad envelope spanning the range of 950-1050 cm™. The
latter corresponds to the asymmetric stretching vibrations of the PO4>" tetrahedra [27], while
the former band is ascribed to bending modes of the phosphate group [28]. In the case of the
IR spectrum of CuWOs, one can observe the absorption bands at ca. 562 and 797 cm’,
attributed to the stretching vibrations [29] and the asymmetric stretching [13] modes of the
WO4* tetrahedral units in CuWOu, respectively. Notably, the IR spectrum recorded for CuPW-
1/1 composite showed a superposition of all vibrational signatures of both individual
components (bands at 562, 604, 797, and 950-1050 cm™), confirming the presence of both

types of PO4> and WO4* structural units in the composite material.

Further indication about the composite catalyst composition was obtained with XPS
measurements. As shown in Fig. 2, XPS spectra of all materials in the Cu2p region reveal the
presence of peaks at ca. 955.4 and 935.3 eV assigned to Cu2ps, and Cu2pi» spectral
components characteristic of Cu®" species [30]. For all materials, one can also observe two
additional peaks at ca. 962.9 and 942.9 eV, which are typically referred to copper satellites
observed for samples containing Cu®" species [30]. This observation further confirms that all
materials contained mainly Cu®" species. Regarding the Cu2p region, it is essential to note that
for both CuWO4 and CuPW-1/1 catalysts, a minor tail at approximately 933.1 eV can be
observed. Since a similar tail in Cu2p region of XPS spectra was previously reported for other
materials containing copper(Il) tungstate (e.g., [22] and [31]), we claim that this is a unique
feature characteristic of CuWOQg structure, rather than direct evidence for the presence of other

copper species in these two samples [32,33].
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More pronounced differences were observed in the binding energy regions of P2p and
W4f. In the case of the P2p spectra, a signal at 133.6 eV was clearly observed for Cuz(POs)>.
According to the literature [34], this peak is characteristic of phosphate species and its presence
confirms the successful formation of copper(Il) phosphate. A similar peak was also noticed for
CuPW-1/1 composite (Fig. 2). Analysis of the W4f binding energy region for CuWOQO4 and
CuPW-1/1 materials revealed the presence of peaks that could be deconvoluted into two
spectral components at ca. 38.0 and 35.9 eV, and assigned to W4f7, and W4fs, orbitals
characteristic of tungstate species [33,35]. Therefore, the XPS data revealed that the CuWO4
phase was successfully obtained during the synthesis of CuWO4 and CuPW-1/1. Moreover,
these XPS data clearly indicate that the composite catalyst contained both copper(Il) tungstate
and copper(Il) phosphate. More detailed information on the chemical composition of CuPW-
1/1 was provided based on ICP-OES measurements. As indicated by the data shown in Table
S2, CuPW-1/1 composite contained 52 wt.% of Cu3(PO4)2, implying that the actual
composition of the catalyst is very similar to the composition arising from the mixture used

during synthesis of the composite.

DR UV-vis spectra of Cu3(POs), and CuWO4 exhibit two intense absorption bands
typical of Cu*" species: one around 250 nm, attributed to ligand-to-metal charge transfer
(LMCT) from O%* to Cu?*' [36], and another broad band near 800 nm, associated with d-d
transitions of Cu?* in a distorted octahedral environment [37] (Fig. 3). The distortion arises
from the interactions between Cu®" and neighboring polyhedral units, such as phosphate
groups, leading to deviations from ideal octahedral symmetry [36]. The mixed CuPW-1/1
sample exhibits spectral features of both Cu3(PO4)2 and CuWOs, with slight shifts in band
positions and intensities, suggesting electronic interactions between phosphate and tungstate

species. The band gap values estimated for CuWO4 and Cu3(POs)2 based on the Tauc plot
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method revealed that the former material has a much lower band gap than the latter (1.79 vs.

2.60 eV, respectively, Fig. 3B and C).

Fig. S4A presents the nitrogen adsorption-desorption isotherms for the investigated
catalysts. It was found that all samples exhibited an isotherm of type IVa characteristic of
mesoporous materials [38]. More pronounced differences were observed in the shape of the
hysteresis loop, which is associated with the presence of capillary condensation within the
pores of the investigated materials. This suggested that the investigated samples differed
significantly in terms of porosity. Indeed, as indicated by the pore size distribution (Fig. S4B),
the CuWO4 material contained relatively small mesopores with an average diameter of ca.
3 nm. In the case of Cu3(PO4)2, both small mesopores with an average size of ca. 3-5 nm, and
larger mesopores and even macropores are present. In terms of porosity, the CuPW-1/1 catalyst
seems to be more similar to Cu3(POs)2 than CuWOs. CuPW-1/1 contains mainly large
mesopores with an average diameter of ca. 35 nm. Still, it also contains some larger meso- and
macropores (Fig. S4B). The Brunauer-Emmett-Teller (BET) surface area and average pore size
estimated for the catalysts are summarized in Table S3. The highest surface area of 82 m?/g
was observed for CuWO4, while the lowest was characteristic of Cuz(PO4)2 (8 m*/g). CuPW-
1/1 had a relatively high surface area of 59 m*/g, which was in between the values observed
for the individual components. This observation further confirms that the nanocomposite

consists of two distinct phases, which are fused to form a porous structure.

Significant differences in the morphology of catalysts were also confirmed by SEM. As
shown in Fig. 4, CuWOs catalyst consisted of large aggregates with sharp edges. On the
contrary, Cu3(POs)> consisted of much smaller aggregates with blunt corners and edges. In
agreement with conclusions drawn based on nitrogen physisorption, the morphology of CuPW-
1/1 on a microscale was more similar to Cus3(POs), than CuWO4. However, some noticeable

differences were clearly observed at higher magnification, which confirms the higher porosity
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of CuPW-1/1 catalyst compared to Cuz(PO4),. This further implies that the nanocomposite
exhibits a morphology slightly different from that of the individual components. SEM-EDS
elemental mapping led us to observe that Cu, P, and W were homogeneously distributed on the
surface of the CuPW-1/1 catalyst (Fig. 4). Based on this information, one can conclude that the
Cusz(PO4)2 and CuWO4 phases in the composite catalyst were fused to form a porous structure
in which no clear separation of individual components was observed. This implies the
occurrence of a strong interfacial contact between Cuz(PO4), and CuWOs in the CuPW-1/1

catalyst, which is crucial for its reactivity during catalytic and photocatalytic processes.

3.2. Catalytic activity

The catalytic activity of the prepared materials was tested in tetracycline degradation
via Fenton-like process (reaction with H>O2 as the oxidant, no exposure to UV light).
Preliminary tests were performed without H>O> addition to determine the ability of the catalysts
to adsorb the antibiotic. As shown in Fig. 5A, both Cu3(POs), and CuWO4 exhibited relatively
low efficiency in antibiotic removal via adsorption. However, it was found that Cu3(PO4)2
adsorbed approximately two times more TC than CuWO4 (ca. 6 vs. 3%, respectively) despite
its ten times lower surface area (Table S3). This observation led us to conclude that the surface
properties of copper(Il) phosphate ensure more favorable conditions for the adsorption of TC
molecules, but the high efficiency of the adsorptive removal of TC on the surface of this
material is limited by its relatively low surface area. Interestingly, a different phenomenon was
observed for the CuPW-1/1 composite, which exhibited a remarkably higher adsorption
capacity than the pristine components, and adsorbed ca. 25% of the initial TC molecules after
30 min of stirring in the dark (Fig. 5A). This observation further confirmed significant
differences in surface properties of the composite material and its components. As shown in
Fig. S5, a strong negative charge accumulates on the surface of CuWO4 under the applied
reaction conditions (pH ~ 4.5). According to previous studies, at this pH, tetracycline exists in
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the form of neutral zwitterion TC°*") [39,40]. Thus, the accumulation of a strong negative
charge on the surface of CuWOs4 most probably hinders the efficient adsorption of the
antibiotic. Furthermore, the surface of Cus(PO4)> was positively charged at a pH of ~ 4.5. Still,
its ability to adsorb TC was found to be relatively low, most likely due to the low surface area
of the pristine copper(Il) phosphate. Interestingly, the zeta potential measured for CuPW-1/1
was only slightly negative, falling between the values observed for CuWO4 and Cu3(POs)s>.
Based on this information, one can expect that shielding a strong negative charge, typical of
CuWOs, after forming the composite catalyst with Cu3(POs), ensured the most favorable
conditions for the fast and efficient adsorption of tetracycline. Thus, the strongly enhanced
adsorption capacity of the CuPW-1/1 composite originated from its chemical composition and
unique surface properties, where Cu3(PO4)2 characterized by a low surface area was finely
dispersed on CuWO4 with a much higher surface area, ensuring better availability of the
adsorption sites on the surface of Cu3(PO4): in the composite catalyst for the efficient
adsorption of TC molecules. Moreover, based on these observations, one can also conclude
that the main component of CuPW-1/1 composite responsible for the efficient adsorption of

TC is the phosphate phase Cu3(POa4),.

Concerning the efficiency of TC degradation via the Fenton-like process, experiments
carried out without the catalyst and in the presence of H20O- revealed that the antibiotic cannot
be oxidized directly by hydrogen peroxide (Fig. SA). The addition of the synthesized catalysts
to the reaction medium resulted in a much more efficient degradation of TC. For all materials,
degradation of the antibiotic proceeded according to pseudo-first-order kinetics (Fig. 5B). It
was found that both Cuz(POs) and CuWOs exhibited relatively low and comparable TC
degradation rates (0.00125 and 0.00435 min’!, respectively). Interestingly, the TC degradation
rate observed for the CuPW-1/1 composite was 19 times higher than that established for

CuWO4 and 66 times higher than that observed for Cusz(PO4).. Moreover, this composite
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material removed more than 90% of the initial TC in just 30 min of the reaction using a
relatively low catalyst loading of 0.075 g/L. Based on these observations, one can expect that
the strongly enhanced activity of CuPW-1/1 originated from a synergistic interaction between
Cu3(PO4)2 and CuWO4 forming the composite, which can be affected by the ratio of the
components. For this reason, additional catalytic tests were performed using materials with
different weight ratios of Cus(PO4)2/CuWOs, and synthesized by the same co-precipitation
method. The chemical composition of these samples is presented in Table S2. All these
composite materials exhibited comparable surface areas of ca. 54-58 m?/g, which were much
higher than that observed for the pristine Cuz(PO4). catalyst (Table S3). As shown in Fig. 5C,
a composite containing a relatively small amount of Cuz(POs); (sample labelled as CuPW-1/4)
was found to be significantly more active than the CuWO4 and Cus(PO4)2 materials used
individually; however, its activity was still noticeably lower than that observed for CuPW-1/1.
This implies that the addition of a small amount of Cu3(PO4)2 to CuWOy4 leads to a significant
increase in the catalytic activity of the composite material during the degradation of TC via a
Fenton-like process. Based on this observation, one can expect that Cu3z(POs) phase may be
determinantal active component responsible for the efficient activation of H2O> towards
formation of ROS and subsequent degradation of antibiotic molecules via Fenton-like process
under dark conditions. At the same time, CuWO4 plays the role of a support on which the
Cu3(POs4)2 species are highly dispersed, providing better availability of the active sites on the
surface of Cu3(POs), for the reagents. Indeed, a further increase in the Cuz(PO4)/CuWO4
weight ratio to 1/2 resulted in a further increase in the TC degradation rate. Nevertheless, the
reaction rate constant established for CuPW-1/2 remained lower than that of CuPW-1/1. When
the amount of Cu3(POs); in the composite was greater than CuWO4 (sample labelled as CuPW-
2/1), the activity of the composite was comparable to CuPW-1/2, but did not exceed the activity

of CuPW-1/1. Therefore, the optimal composition of the composite catalyst for achieving the
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highest efficiency in the removal of TC in the presence of H>O, is a weight ratio of
CuWO4/Cus3(PO4)2 = 1/1. Based on these optimization studies, one can expect that noticeable
decrease in the activity of CuPW-1/2 composite when comparing to the most active CuPW-1/1
sample results most probably from a lower loading of Cus(POa4)2 phase in this material, which
is determinantal for the efficient activation of H>O» through a Fenton-like process under dark
conditions (for more details, please see results presented in the section related to EPR studies).
This further implies that CuWOs phase is less efficient in the formation of strongly oxidizing
ROS and the degradation of organic pollutants, but it plays a very important role in improving
the activity of copper(Il) phosphate in these processes. CuWO4 has a much higher surface area
than Cu3(POs)2, and this most likely enables a better dispersion of Cu3(PO4)2 in the CuPW
composite materials, leading to a better availability of the active surface sites of Cuz(PO4)a,
which are the most active in catalytic activation of hydrogen peroxide and degradation of TC

via a Fenton-like process under dark conditions.

Our preliminary studies also assessed the impact of H2O2 dose on the efficiency of TC
removal in the presence of the most active material. As shown in Fig. 5D, at the lowest H202
dose of 25 pL, TC degradation rate was 0.05321 min™'. When the H,O> dose was doubled, the
reaction rate increased to 0.07069 min™'. However, an additional increase in H,O, concentration
resulted in a decrease in TC removal efficiency. At the highest H>O> dose (500 nL), the reaction
rate constant decreased to the final value of 0.02992 min™!. This significant decrease in the
efficiency of TC degradation at higher doses of H>O» likely resulted from the scavenging effect
of H20,. Numerous authors have revealed that excessive H>O, may scavenge ROS produced
upon activation of this oxidant, leading to a decrease in the catalytic activity of various
nanomaterials [41]. For example, a similar deactivation effect at high H>O, dosages was

observed by Pei et al. [42] in catalytic degradation of 2,4-dichlorophenoxyacetic acid. Thus,
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the optimal H,O: dose selected in this study to ensure the highest efficiency of TC degradation

via the Fenton-like process was 50 uL of hydrogen peroxide per 200 mL of TC solution.

Previous literature data have revealed that Cu3(PO4), and CuWOg4 are promising
photocatalysts that may be applied in the efficient degradation of various pollutants in the
presence of UV light [24,43]. Indeed, photocatalytic tests revealed that Cuz(POs)> and CuWO4
can degrade TC after their excitation with UV light. As indicated in Fig. 6A, Cu3(PO4)> was
found to be slightly less active in photocatalytic degradation of TC than CuWO4 (k = 0.00153
and 0.00224 min’!, respectively). Similarly to the Fenton-like reactions, CuPW-1/1
outperformed pristine Cu3(POs), and CuWO; significantly in terms of their photocatalytic
activity. In the case of the composite sample, the TC degradation rate in a photocatalytic
process was approximately 3-4 times higher than that observed for the individual components
(Fig. 6A). Based on the above observations, we hypothesized that the strongly enhanced
photocatalytic activity of CuPW-1/1 composite material makes it an interesting candidate for
application in photo-assisted activation of H>O», where the efficiency of TC degradation could
be significantly improved by the cumulative effect of ROS generation both via photocatalytic
and Fenton-like reactions. To verify this hypothesis, additional studies have been carried out.
In all these experiments, the catalyst dose was reduced to 0.0375 g/L due to the relatively high
efficiency of TC degradation with H20O2, which could hinder expected synergy. Initial
experiments using CuPW-1/1 catalyst in the presence of H>O> or UV light only (Fenton-like
vs. photocatalytic process) showed that TC can be degraded, but the rate is relatively low due
to very low catalyst dosage (Fig. 6B). A very low efficiency of TC degradation was also
observed in a photo-assisted Fenton-like reaction without the catalyst (k = 0.00127 min’!, Fig.
6B). This means that UV light itself cannot initiate H>O> decomposition to form ROS capable
of oxidizing TC. Interestingly, the situation changed after the admission of CuPW-1/1 catalyst,

when a remarkable increase in TC degradation rate was observed under simultaneous action of
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H>0; and UV light. In this case, the TC degradation rate was found to be ca. 5 times higher
than for the photocatalytic reaction (without H>O») and ca. 4 times higher than for the Fenton-
like process (reaction in the dark). Furthermore, the TC degradation rate observed for CPW-
1/1 composite in a photo-assisted Fenton-like process was approximately 3 times higher than
that established for pristine CuWOs and Cu3(POs)> samples applied under the same
experimental conditions (Fig. 6C). These results imply that the CuPW-1/1 composite is an
auspicious material for the efficient degradation of TC in a photo-assisted activation of H>O»
that significantly outperforms pristine components acting separately. Furthermore, experiments
with a physical mixture of Cuz(PO4)2 and CuWO4 materials revealed that the strongly enhanced
activity of the composite results from its unique properties that arise during the co-precipitation

of the individual components (Fig. 6C).

Our studies also included the identification of TC degradation products using LC-MS
analysis. The mass spectra of the pristine TC solution and all post-reaction mixtures are
collected in Fig. S8. The proposed structures of the degradation products, identified based on
the m/z values and the data from previous literature, are summarized in Table S4. As shown in
Fig. S8, the main m/z peaks observed for TC solution are 447, 428, and 410 [44,45]. No
significant changes in the mass spectra were observed for the reactions without a catalyst (Fig.
S8). This confirms the conclusions of the UV-vis studies. More pronounced changes in the
mass spectra were observed after 30 and 60 min of a photo-assisted Fenton-like process in the
presence of CuPW-1/1 composite. In this case, the intensity of the peaks typical of tetracycline
was significantly decreased. This was associated with the appearance of several new peaks at
m/z =401, 383, 357, 305, 300, 256, 242, 190, 163, 147, and 104. After 30 min of the reaction,
the most intense peaks were at m/z = 147 and 104, implying that the complex structure of TC
molecule was efficiently degraded in the presence of CuPW-1/1 catalyst. The possible

degradation pathways established based on the LC-MS data and previous literature data are
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shown in Fig.7. TOC analyses additionally confirmed efficient degradation of the tetracycline.
As indicated in Fig. 6D, the concentration of total organic carbon in a post-reaction mixture
after 30 min of the photo-assisted Fenton-like reaction in the presence of CuPW-1/1 composite
decreased by ca. 60% (from ca. 25 to ca. 15 mg/L). Interestingly, no significant decrease in
TOC value was observed in the reaction without CuPW-1/1 catalyst, confirming that this
sample is determinant for efficient activation of H>O» and mineralization of this antibiotic
pollutant. To identify the main reactive oxygen species responsible for the efficient degradation
of TC, additional catalytic tests were performed in the presence of various ROS scavengers.
As shown in Fig. 8A, the most pronounced quenching effect was observed in the presence of
sodium azide, which is a singlet oxygen ('0,) scavenger [46]. A similar phenomenon was also
observed in the presence of dimethyl sulfoxide as a hydroxyl radical scavenger [46]. In this
case, the TC degradation rate decreased from 0.03346 to 0.02568 min™'. Interestingly, no
significant deactivation effect was observed for the reactions when using chloroform as a
scavenger for superoxide radical anions (O2™) [46]. Based on the above information, one can
expect that the main oxidizing species responsible for TC degradation are singlet oxygen and

hydroxyl radicals.

To further confirm the formation of these highly oxidizing species during H>O»
activation, EPR studies with TEMP and DMPO were carried out for the detection of 'O, and
‘OH, respectively. According to the results presented in Fig. 9A, all catalysts used in this study
exhibited a comparable ability to form singlet oxygen upon photo-assisted activation of H20-.
Noticeable differences in 'O, formation were observed only for the photocatalytic reactions
(without H202), where CuPW-1/1 composite was found to be significantly more efficient than
Cu3(PO4), and CuWO4 materials. More pronounced differences were observed in ROS
formation during a photo-assisted Fenton-like process, particularly in the activation of H2O»

towards the formation of hydroxyl radicals. As shown in Fig. 9B, the EPR signal typical of
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DMPO-OH spin adduct observed for CuPW-1/1 was ca. 2 times higher than that established
for Cu3(POs4)2, and remarkably higher than that for CuWO4. Moreover, it was found that
hydroxyl radicals could be formed for all catalysts, both in photocatalytic and Fenton-like
processes. Based on these observations, we concluded that hydroxyl radicals are the main
oxidizing agents during TC degradation in a photo-assisted Fenton-like process with the
CuPW-1/1 composite catalyst. However, a contribution of singlet oxygen to the degradation of

this antibiotic pollutant cannot be totally excluded, especially during the photocatalytic process.

To fully understand the origin of the enhanced activity of CuPW-1/1 composite both in
photocatalytic process and photo-assisted Fenton-like reaction, positions of valence and
conduction bands edges in Cu3(PO4)2 and CuWO4 materials were predicted theoretically using

the following empirical equations (Eq. 1-2) [47]:
EVB = X - Ee + O.S*Eg [Eq. 1]
Ecs =E¢ - Evs [Eq. 2]

where y is the absolute electronegativity of the semiconductor, obtained from the geometric
mean of the electronegativity of its constituent atoms ( values for Cuz(PO4)2 and CuWOy4 are
6.388 eV and 6.319 eV, respectively); Eg is the band gap of the semiconductor (2.60 and 1.79
eV for Cu3(PO4)2 and CuWOys, respectively); Ee is the energy of free electrons vs the hydrogen
scale (4.5 eV). y values for individual components were calculated using the formula [Eq. 3],
where A, B, C, ... N are the constituent atoms of the semiconductor, and a, b, c, ... n are the
numbers of each atom in the compound. The electronegativity of each atom (X) in CuWO4 or
Cu3(PO4)2, namely P, W, O, and Cu, was determined based on the arithmetic mean between

the electron affinity (EA) and its first ionization energy (IE) [48] (see Table S5 and Eq. 4).

1

7= [X(A)* X(B)* X(C)Jervo [Eq. 3]

20



X = (EA +E)/2 [Eq. 4]

The results of these calculations are shown in Fig. 10. The calculated conduction band (CB)
edge potential of CuWO4 equaled 0.87 eV, which is less negative than that of Cu3(POs)2
(0.62 eV). The corresponding valence band (VB) edge estimated for Cu3(PO4), was 3.18 eV,
which is more positive than that of CuWO4 (2.66 eV). Based on these data and the alignments
of band edges, one can conclude that both materials are capable of oxidizing water by photo-
generated holes (h") towards the formation of hydroxyl radicals. Both materials are also capable
of activating H>O> by photo-generated electrons (e”) because their CB edge is equal to or lies
slightly above the potential necessary for activation of H>O> toward formation of hydroxyl
radicals (H2O2/"OH = 0.87 eV [49,50]). Therefore, the efficiency of these two pristine materials
in the degradation of TC via Fenton-like process should be improved upon exposure of the
reaction medium to UV light due to more efficient formation of hydroxyl radicals resulting
from the activation of H,O2 by photo-excited electrons localized in the conduction band of
these semiconductors. Indeed, the experimental data shown in Fig. S10, revealed that the TC
degradation rate in a photo-assisted Fenton-like process increased by a factor of ca. 6.5 and 7.5
in the presence of Cuz(PO4)2 and CuWOs, respectively, when compared to the activity of these
materials in a Fenton-like process carried out in the dark. The more efficient formation of
hydroxyl radicals in a photo-assisted Fenton-like process on the surface of these two materials
was further confirmed by EPR data presented in Fig. 9B. A noticeable improvement in the
efficiency of TC degradation via Fenton-like process upon exposure to UV light was also
observed for CuPW-1/1 composite, reaching ca. 3.0 and 2.5 times higher reaction rate constants
than those established for the individual components of the composite, namely Cuz(PO4)> and
CuWOsu, respectively (Fig. S10). Given the band edges alignment between these two
semiconductors, one can expect that the most plausible mechanism of the photo-excited charge

carriers transfer between Cuz(POs); and CuWOy4 in the CuPW-1/1 composite under irradiation
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with UV light results from the formation of a heterojunction of type I. According to the
literature [51,52], this mechanism leads to the accumulation of both photo-excited electrons
and holes in CuWOg4, and implies that the electron and hole transfer from Cu3(POs)> to CuWWOg4
is accelerated under the light excitation conditions. However, since both electron and hole pairs
are transferred to CuWOs, they cannot be separated very efficiently. For this reason, the
enhancement of TC degradation rate in the presence of CuPW-1/1 composite in a Fenton-like
process upon exposure to UV light was slightly lower than that observed for the reactions
carried out in the presence of individual components (increase by a factor of approximately
3.5, 6.5 and 7.5 for CuPW-1/1, Cu3(POs)2, and CuWOs, respectively; Fig. S10). Nevertheless,
it is important to underline that the TC degradation rate observed for the composite catalyst in
the photo-assisted Fenton-like process was still significantly higher than those established for
Cu3(PO4)2, and CuWO4 used separately. The most plausible mechanism of charge separation
contributing to the enhanced activity of CuPW-1/1 composite in a photo-assisted Fenton-like

process is presented in Fig 10.

One of the most critical factors affecting the catalytic activity of materials in reactions
involving H20x is the pH of the reaction mixture. Typically, the highest activity in degradation
processes occurs under acidic conditions, where many materials exhibit higher efficiency in
activating H2O: to form hydroxyl radicals. The experimental data obtained in this study are
consistent with previous reports in this field and show that the reaction rate constant observed
under native pH (pH ~ 4.5) is approximately twice as much as at pH close to neutral (pH ~ 7)
(Fig. 8B). Nevertheless, even under neutral conditions, the catalyst activity remains relatively

high when considering such a low catalyst loading (0.0375 g/L).

To evaluate the potential practical application of CuPW-1/1 composite in the
degradation of TC in environmentally relevant water matrices, additional experiments were

conducted using tap water and river water. The chemical composition of these water samples
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is shown in Table S6. Both samples have similar pH values (~ 7.5). However, tap water
contains noticeably higher concentrations of inorganic carbon than river water (53 vs. 47 mg/L,
respectively). In contrast, river water exhibits a higher concentration of total organic carbon
(0.6 mg/L while traces were measured for tap water), and a higher concentration of total
nitrogen (3.5 vs. 0.7 mg/L, respectively). As shown in Fig. 8C, the TC degradation rate in tap
water and river water was ca. 0.5 times lower than in the case of deionized water at a pH of ~
7. Interestingly, the TC degradation rate in tap water was even lower than that observed for
river water, which contains a higher concentration of total organic carbon and total nitrogen.
This shows that these two components are not the most critical factors diminishing the catalytic
activity of CuPW-1/1 composite under environmentally relevant conditions. As mentioned
above, tap water contained a noticeably higher concentration of inorganic carbon, which is
widely reported in the literature as a factor decreasing the activity of various catalysts in the
degradation of pollutants using H>O; as the oxidant [53]. It was reported that carbonate species
in water may act as scavengers for hydroxyl radicals, leading to a decrease in the efficiency of
organics degradation [54]. Based on this information, one can conclude that the CuPW-1/1
composite can degrade TC even in complex water matrices, and the main factor diminishing

its catalytic activity is inorganic carbon dissolved in environmentally relevant water samples.

Another factor that significantly impacts the potential application of catalysts for water
treatment is their stability. In this study, this feature of CuPW-1/1 composite was investigated
by testing the catalyst in several subsequent degradation cycles. As shown in Fig. 8D, the TC
degradation rate decreased slightly after each reaction cycle. Nevertheless, after the fifth
reaction cycle, it only reduced by ca. 20% as compared to the first cycle, and still enabled a
relatively high efficiency of the TC removal after 30 min of the reaction. This slight
deactivation effect likely resulted from the partial loss of the catalyst during the reuse procedure

and/or leaching of copper species during the reaction, which is commonly observed in
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oxidation processes using copper-based catalysts (see e.g., [55]). To evaluate the concentration
of leached copper, the post-reaction mixtures after each reuse test were analyzed using ICP-
OES. Data obtained from these measurements are summarized in Table S7. As it was expected,
the ICP-OES studies confirmed the leaching of copper species from the CuPW-1/1 composite.
After the first reaction cycle, the concentration of copper species in treated water was
approximately 13 mg/L, while the concentrations of P and W were equal to 4.5 and 13.5 mg/L,
respectively. These values are relatively high, but it is important to underline that the reuse
tests were carried out using a higher catalyst loading than in all previous experiments to
facilitate separation of the catalyst after its reuse and minimize the impact of catalyst loss on
the efficiency of TC degradation in further reaction cycles. For the experiments carried out
using a low catalyst dosage and environmentally relevant water samples (e.g. river water), the
concentration of leached copper species was much lower (ca. 1.59 mg/L; Table S7). In this
case, the concentration of leached copper species was lower than the upper limit for copper in
drinking water in the European Union (2 mg/L) [56], and only slightly higher than the upper
limit established by the U.S. Environmental Protection Agency (EPA) (1.3 mg/L) [56].
Therefore, ICP-OES studies led us to establish that the application of CuPW-1/1 composite
leads to generation of secondary pollutants in the form of leached copper species. Still, these
metal cations could be potentially eliminated from treated water by an additional water
treatment step using various adsorbents like zeolites, metal oxides or polymers, as reported in
the previous literature data [56]. As far as the stability of the CuPW-1/1 composite is
concerned, it is worth noting that the analysis of a spent catalyst by XRD, ATR-FTIR, and XPS
techniques did not reveal any significant changes in its structure. As shown in Fig. S11, the
spent catalyst remained amorphous and all IR bands characteristic of its individual components
were preserved. Some additional IR bands were noticed and resulted from the presence of

adsorbed TC molecules and/or their degradation products on the surface of CuPW-1/1
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composite (Fig. S11B). Furthermore, XPS studies did not reveal any noticeable changes in the
oxidation state and electronic properties of copper, phosphorus, and tungsten in the spent
catalyst (Fig. S11C). These results led us to establish that some Cu, W, and P species are
leached from the CuPW-1/1 composite under working conditions, but this leaching process
does not cause significant changes in the structure or oxidation state of the components of this
catalyst. For this reason, the spent solid material could be easily separated from the post-
reaction mixture by centrifugation and successfully applied in the next few reaction cycles. The
last factor necessary to be considered is the contribution of the leached copper species to the
degradation of TC via photo-assisted Fenton-like process. In this study, the contribution of
leached copper ions to the degradation of TC was analyzed based on the experiment in which
the solid catalyst was separated from the reaction mixture after 30 min of the adsorption step
in the dark and 5 min of the reaction in the presence of H2O; and UV light, and then the process
was continued without the solid catalyst. According to the results presented in Fig. S12B, the
rate of TC degradation in a reaction mixture after separation of the catalyst was ca. 2 times
lower than that established for the reaction carried out in the presence of the catalyst. These
experimental data show that the leached copper species act as a homogeneous catalyst and
contribute to the degradation of TC, but the presence of a solid material in the reaction mixture
is important for ensuring a very high efficiency of the antibiotic degradation via photo-assisted

Fenton-like process.

4. Conclusions

The results of this study demonstrate that the Cuz(PO4)/CuWO4 composite is a
promising catalyst for the rapid and efficient degradation of tetracycline in water, even when a
small amount of the catalyst was applied under a low concentration of H>O,. It was also
observed that the efficiency of TC degradation in the presence of the CuPW-1/1 composite via

Fenton-like process may be significantly enhanced upon exposure of the reaction medium to
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UV light, significantly outperforming the catalytic activity of the individual structural
components CuWO4 and Cuz(POs4),. The strongly enhanced activity of the composite catalyst
originated from the unique surface properties of this material, which enabled a high dispersion
of the main active component responsible for the activation of H>O; in the dark conditions via
Fenton-like process (identified as Cuz(POs4)2) and provided tight interface contact between
copper(Il) phosphate and copper(Il) tungstate, thus, promoting more efficient degradation of
TC in a photocatalytic and photo-assisted Fenton-like processes due to formation of
heterojunction of type I. Catalytic tests performed in the presence of ROS scavengers combined
with EPR studies indicated hydroxyl radicals as the main oxidizing species responsible for the
observed degradation and mineralization of TC. Furthermore, it was established that the
CuPW-1/1 composite could efficiently degrade TC in a complex water matrix and could be

reused several times without any significant decrease in its efficiency.

The results obtained in this study demonstrate that the synthesis of new copper-based
composite catalysts via the facile co-precipitation method is a promising strategy for obtaining
highly efficient catalysts for the degradation of antibiotic pollutants through photo-assisted
Fenton-like processes. The findings of this study may have a significant impact on the
development of new copper-based catalysts for AOPs addressed to water treatment under

environmentally benign and environmentally relevant conditions.
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Caption to Figures
Fig. 1. (A) Powder XRD diffractograms and (B) ATR-FTIR spectra of the catalysts.

Fig. 2. XPS spectra of CuWOs, Cu3(PO4), and CuPW-1/1catalysts in different binding energy regions: (A) Cu2p,
(B) P2p + Cu 3s, and (C) W 4f.

Fig. 3. (A) DR UV-vis spectra of the catalysts. Tauc’s plot used for the estimation of band gap energy for (B)
CuWO4 and (C) Cu3(PO4)z,

Fig. 4. Scanning Electron Microscopy analysis of synthesized catalysts combined with EDX elemental mapping

of CuPW-1/1.

Fig. 5. (A) Efficiency of TC removal over time for Cu3(PO4),, CuWO, and CuPW-1/1 samples in a Fenton-like
process (no exposure to UV light), including a control experiment without a catalyst. For all experiments, pre-
adsorption of the pollutant was performed for 30 min before addition of H,O, to assess the ability of a given
catalyst to adsorb TC. Time when H,O, was added to the reaction medium is marked as dashed line. (B) Pseudo-
first order kinetics plot used to estimate TC degradation rate in the presence of investigated copper-based catalysts
in a Fenton-like process. (C) Influence of chemical composition of CuPW composites on the TC degradation rate
in the presence of H>O,. Pseudo-first-order kinetic plots are shown in Fig. S6A. (D) TC degradation rate in the
presence of various concentrations of H>O, for the CuPW-1/1 catalyst in a Fenton-like process. Changes in TC
concentration during the reaction and the pseudo-first-order kinetic plots are shown in Fig. S6B and C, respectively.
Reaction conditions: catalyst (15 mg), TC solution in DI water (200 mL, 50 mg/L), H>O, (50 uL, or other if
indicated), room temperature (r.t.), 600 rpm, without pH control (native pH ~ 4.5), all reactions carried out in the

dark (no exposure to UV light).

Fig. 6. (A) Comparison of photocatalytic activity of various catalysts in the degradation of tetracycline under
irradiation with UV light (no H>O» in reaction mixture). Changes in TC concentration during the reaction and the
pseudo-first-order kinetic plots are shown in Fig. S7A and B. (B) Reaction rate constants established for the
degradation of TC via Fenton-like, photocatalytic, and photo-Fenton-like processes in the presence of CuPW-1/1
catalyst. Changes in TC concentration during the reaction and the pseudo-first-order kinetic plots are shown in
Fig. S7C and D. (C) Reaction rate constants for different samples (CuWOs4, Cu3(POs),, CuPW-1/1, and a physical
mixture) in the photo-Fenton-like reaction. Changes in TC concentration during the reaction and the pseudo-first-
order kinetic plots are shown in Fig. S7TE and F. (D) TOC removal under different experimental conditions.
Reaction conditions: catalyst (7.5 mg), TC solution in DI water (200 mL, 50 mg/L), H,O (50 uL, 30%), UV light,
r.t., 600 rpm, without pH control (native pH ~ 4.5).

Fig. 7. Possible pathways of tetracycline degradation established based on LC-MS data and previous literature

data (for more details please see Table S4).

Fig. 8. (A) The influence of scavengers on TC degradation rate in the presence of CuPW-1/1 catalyst via photo-
assisted Fenton-like process. Changes in TC concentration during the reaction and the pseudo-first-order kinetic
plots are shown in Fig. S9A and B. (B) The influence of pH on the efficiency of TC removal in the presence of
CuPW-1/1 catalyst via photo-assisted Fenton-like process. Graph presenting changes in TC concentration in a
function of time is shown in Fig. S9D. (C) The influence of water matrix (deionized water vs. tap water vs. river

water from the Warta River) on the efficiency of TC degradation in the presence of CuPW-1/1 catalyst via photo-



assisted Fenton-like process. Graph presenting changes in TC concentration in a function of time is shown in Fig.
S9C. (D) Stability and reusability of CuPW-1/1 catalyst in degradation of TC via photo-assisted Fenton-like
process (reaction time: 30 min). Reaction conditions: catalyst (7.5 mg), TC solution in DI water (200 mL, 50
mg/L), H,O (50 pL, 30%), UV light, r.t., 600 rpm, without pH control (native pH ~ 4.5). Recycling conditions:
catalyst (10 mg), TC solution in DI water (50 mL, 50 mg/L), H,O» (25 pL), UV light, r.t., 600 rpm, without pH
control (pH ~ 4.5 for A, B, and D; pH ~ 7.5 for C).

Fig. 9. Solution EPR spectra with (A) TEMP for the detection of singlet oxygen and (B) DMPO spin trap for the

detection of hydroxyl radicals.

Fig. 10. Proposed photocatalytic mechanism of TC degradation in the presence of CuPW-1/1 catalyst via photo-

assisted Fenton-like process established on the basis of experimental data obtained in this study.
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Fig. 5. (A) Efficiency of TC removal over time for Cu3(PO4),, CuWO4 and CuPW-1/1 samples in a Fenton-like
process (no exposure to UV light), including a control experiment without a catalyst. For all experiments, pre-
adsorption of the pollutant was performed for 30 min before addition of H>O, to assess the ability of a given
catalyst to adsorb TC. Time when H,O, was added to the reaction medium is marked as dashed line. (B) Pseudo-
first order kinetics plot used to estimate TC degradation rate in the presence of investigated copper-based catalysts
in a Fenton-like process. (C) Influence of chemical composition of CuPW composites on the TC degradation rate
in the presence of H,O,. Pseudo-first-order kinetic plots are shown in Fig. S6A. (D) TC degradation rate in the
presence of various concentrations of H,O, for the CuPW-1/1 catalyst in a Fenton-like process. Changes in TC
concentration during the reaction and the pseudo-first-order kinetic plots are shown in Fig. S6B and C, respectively.
Reaction conditions: catalyst (15 mg), TC solution in DI water (200 mL, 50 mg/L), H>O, (50 uL, or other if
indicated), room temperature (r.t.), 600 rpm, without pH control (native pH ~ 4.5), all reactions carried out in the

dark (no exposure to UV light).
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irradiation with UV light (no H>O; in reaction mixture). Changes in TC concentration during the reaction and the
pseudo-first-order kinetic plots are shown in Fig. S7A and B. (B) Reaction rate constants established for the
degradation of TC via Fenton-like, photocatalytic, and photo-Fenton-like processes in the presence of CuPW-1/1
catalyst. Changes in TC concentration during the reaction and the pseudo-first-order kinetic plots are shown in
Fig. S7C and D. (C) Reaction rate constants for different samples (CuWOs4, Cu3(POs),, CuPW-1/1, and a physical
mixture) in the photo-Fenton-like reaction. Changes in TC concentration during the reaction and the pseudo-first-
order kinetic plots are shown in Fig. S7E and F. (D) TOC removal under different experimental conditions.
Reaction conditions: catalyst (7.5 mg), TC solution in DI water (200 mL, 50 mg/L), H,O (50 uL, 30%), UV light,

r.t., 600 rpm, without pH control (native pH ~ 4.5).
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Extended experimental section

Details related to the characterization of materials

The XRD patterns were recorded using a D8 Advance diffractometer (Bruker) equipped
with CuKa radiation (A = 0.154 nm), with a step size of 0.02° in the 20 range of 10-80°.

Nitrogen adsorption-desorption isotherms were recorded using a Quantachrome
instrument at -196 °C. Samples were degassed at 120 °C for 12 h before measurement. The
specific surface area value was calculated using the Brunauer-Emmett-Teller (BET) method.
The pore size distribution was determined from the adsorption branch of the isotherm using the
BJH (Barrett-Joyner-Halenda) method.

The chemical composition of the catalysts was determined using Inductively Coupled
Plasma Optical Emission Spectrometry (ICP-OES, 9820 Shimadzu, Japan). For the analysis,
50 mg of the catalyst sample was digested in 5 mL of concentrated nitric acid (HNO3).

The morphology of the synthesized catalysts was investigated using a field-emission
scanning electron microscope (FESEM) Quanta 250 FEG, FEI operating at an accelerating
voltage of 10 kV. Energy-dispersive X-ray analysis (EDX) and EDX elemental mapping was
performed using beam accelerating voltage of 30 kV. All measurements were conducted on a
carbon adhesive conductive tape, without metallization.

For the thorough morphological characterization of materials, a high-resolution electron
microscope-JEOL ARM 200F-operating at 200 kV was utilized. Samples were prepared by
placing a small aliquot of dispersed powder in alcohol on grids covered with ultrathin carbon,
and then allowing them to dry in low-vacuum conditions.

ATR-FTIR measurements were made using an IRSpirit-X spectrophotometer
(Shimadzu, Japan) equipped with an attenuated total reflectance (QATR-S) module (Shimadzu,
Japan).

The optical features of the catalysts were determined using UV -vis diffuse reflectance
spectroscopy (Shimadzu UV-2600i, Japan) in a spectrophotometer equipped with an
integrating sphere (ISR-2600 Integrating Sphere Attachment) covered with BaSO4 as
reference.

X-ray photoelectron spectroscopy (XPS) was performed using an ultra-high vacuum
photoelectron spectrometer based on a Phoibos150 NAP analyzer (Specs, Germany). The
analysis chamber was operated under vacuum at a pressure of approximately 5 x 10" mbar,
and the sample was irradiated with monochromatic AlKa (1486.6 eV) radiation. Any charging
that might occur during the measurements was accounted for by rigidly shifting the entire
spectrum by a distance needed to set the binding energy of the Cls, assigned to adventitious
carbon, to the assumed value of 284.8 eV.

To determine the surface charge of the catalysts, measurements of the zeta potential as
a function of the pH of the aqueous suspensions were performed using Zetasizer Nano ZS,
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Malvern, instrument. The zeta potential was estimated from electrophoretic mobility by using
the Henry equation: UE = 2¢e{F(ka)/3n, where UE is the electrophoretic mobility, { the zeta
potential, € the dielectric constant, F(ka) Henry’s function (set for 1.5 as in the Smoluchowski
approximation), and n the viscosity. The pH value was adjusted with HCI or NaOH solutions
(0.1 M). Based on the obtained results, the value of the isoelectric point (IEP) was determined
by interpolating the { potential to zero for each of the tested samples.

EPR spectroscopy was used to identify reactive oxygen species generated after the
reaction of the investigated materials with hydrogen peroxide, after irradiation, and finally after
a combination of these processes. In a typical experiment, for the hydroxyl radicals
identification, 0.5 mg of a catalyst was mixed with 0.5 mL of DMPO solution (4 mg/1 mL),
then 0.25 mL of 1.2% H»0O; was added, and irradiated for 30 min (the same procedure was
employed without adding H>Oz). The mixtures prepared in this manner were transferred to a
quartz capillary and the spectra were recorded with a Magnettech MS400 X-band spectrometer.
The same procedure was used to identify singlet oxygen, except that 20 mM TEMP (2,2,6,6-
tetramethyl-4-piperidone) was used instead of DMPO.

Details related to the catalytic tests

The TC degradation products were identified using an LC-MS/MS 8050 instrument
(Shimadzu, Japan) in positive ion mode. Samples were injected into the ESI source using a SIL
30AC autosampler (1 pL injection volume) and 30/70 H2O/ACN (1% formic acid) mobile
phase. The ESI conditions were as follows: nebulizing gas flow rate: 3 L/min, heating gas flow
rate: 10 L/min, drying gas flow rate: 10 L/min, interface temperature: 300 °C, DL temperature:
250 °C, heat block temperature: 400 °C. The concentration of total organic carbon (TOC) in
the reaction mixtures was analyzed using a Total Organic Carbon analyzer (TOC-L)
(Shimadzu, Japan).

Quenching experiments were conducted to identify the reactive oxygen species (ROS)
involved in the degradation process. Sodium azide (NaNj3), chloroform, and dimethyl sulfoxide
(DMSO) were used as scavengers at a concentration of 10 mmol/L. Their effects on TC
removal were systematically evaluated using the same experimental conditions as presented
above (catalyst dose: 7.5 mg, 200 mL of TC, concentration of the antibiotic: 50 mg/L, H,O>
dose: 50 uL, UV light).

Experiments using real water matrices (tap water or river water) were performed under the
same conditions to assess the catalyst’s effectiveness under environmentally relevant
conditions. The removal efficiency of TC was determined using UV-vis spectroscopy using a
selected environmentally relevant water sample as reference. The detailed composition of the
real water matrices is provided in Table S2.

Additionally, the stability and reusability of the most active catalyst were examined through
recycling tests. These experiments were carried out using 10 mg of the CuPW-1/1 catalyst
dispersed in 50 mL of a 50 mg/L TC solution with 25 pL of H20» (stirring rate: 600 rpm,
reaction time: 30 min). Each reuse test was performed at room temperature and upon exposure
of the reaction media to UV light. After each cycle, the catalyst was recovered by centrifugation
and reused without any further treatment.



Table S1. Mass of chemicals used for the synthesis of the catalysts via co-precipitation method and the
volume of deionized water used to dissolve them. For all syntheses, volume of water used to dissolve

copper(Il) nitrate was adjusted to obtain 0.2 M aqueous solution of copper ions.

Catalyst Copper(Il) nitrate | Sodium phosphate | Sodium tungstate
trihydrate dibasic dihydrate

Cus(POas)2 571 g/ 118 mL 4.5 g/ 159 mL n/a

CuPW-2/1 2.69 g/55mL 1.51 g/ 53 mL 1.06 g/ 16 mL
CuPW-1/1 2.30 g/ 47 mL 090 g/32mL 1.56 g/ 24 mL
CuPW-1/2 1.96 g/ 40 mL 0.45¢g/16 mL 1.90 g /29 mL
CuPW-1/4 1.74 g /36 mL 0.23 g/ 8mL 1.96 g/ 30 mL
CuWO4 2.33 g/ 48 mL n/a 3.18g/48 mL
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Fig. S1. Schematic representation and top view of the experimental photoreactor setup. Each wall was
equipped with two 3W LEDs (A = 365 and 380 nm).
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Fig. S2. UV-vis spectra of TC solution (200 mL, 50 mg/L) with varied hydrogen peroxide dose.
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Fig. S3. TEM images and FFT analysis of CuWO4 and Cu3(POs); catalysts.



Table S2. Chemical composition of the -catalysts determined based on ICP-OES
measurements. Loading of copper(Il) phosphate was determined based on phosphorus content

in the catalysts.

Catalyst Cu3(PO4)2 CuWOq4
[wt. %] [wt.%]
CPW-1/4 13.12 86.88
CPW-1/2 31.08 68.92
CPW-1/1 51.57 48.43
CPW-2/1 63.29 36.71
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Fig. S4. (A) Nitrogen adsorption-desorption isotherms and (B) pore size distribution for the catalysts.



Table S3. BET surface area and average pore size determined for the catalysts from adsorption
branch of the isotherm using BJH method.

Catalyst BET Surface area Average pore diameter
[m?/g] [nm]

Cuz(PO4)2 7.6 3.7

CuPW-2/1 54.4 3.1

CuPW-1/1 58.6 333

CuPW-1/2 54.2 333

CuWOq4 81.9 3.1
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Fig. S6. (A) Pseudo-first-order kinetic plot demonstrating the effect of catalyst composition on the
degradation rate of tetracycline in a Fenton-like process. (B) Graph presenting changes in TC
concentration in a function of time for the experiment aimed as assessing the influence of H>O, dose on
the efficiency of TC degradation in a Fenton-like process using CuPW-1/1 composite as a catalyst.
(C) Pseudo-first-order plot for the determination of the apparent degradation rate of TC at different
H,0; doses in a Fenton-like process. Reaction conditions: catalyst (15 mg), TC solution in DI water
(200 mL, 50 mg/L), H,O» (50 uL, or other if indicated), r.t., 600 rpm, experiment without pH control
(native pH ~ 4.5), all experiments carried out in the dark (no exposure to UV light).
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Fig. S7. (A) Graph presenting changes in TC concentration in a function of time for the experiment
aimed at assessing the photocatalytic activity of different catalysts. (B) Pseudo-first-order plot for the
determination of the apparent degradation rate of TC in a photocatalytic process. (C) Graph presenting
changes in TC concentration in a function of time for the experiment aimed at assessing the influence
of oxidation conditions (UV vs. H,O, vs. H,O, + UV) on the efficiency of TC degradation in the
presence of CuPW-1/1 catalyst. (D) Pseudo-first-order plot for the determination of the apparent
degradation rate of TC via different oxidation conditions using CuPW-1/1 catalyst. (E) Graph
presenting changes in TC concentration in a function of time for the experiment aimed as assessing the
influence of the catalyst on the efficiency of TC degradation via photo-Fenton-like process. (F) Pseudo-
first-order plot for the determination of the apparent degradation rate of TC in the presence of various
catalysts via photo-Fenton-like process. Reaction conditions: catalyst (7.5 mg), TC solution in DI water
(200 mL, 50 mg/L), H2O2 (50 pL, 30%), UV-light, r.t., 600 rpm, experiment without pH control (native

pH ~4.5).
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Table S4. Proposed structures of TC degradation products formed in the presence of CuPW-1/1 in a
photo-assisted Fenton-like process. The structures were identified based on results obtained from LC-
MS studies in a positive mode and previous literature data.

m/z Chemical formula Reference
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CHs
OH
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HO OH OH
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OH OH
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Fig. S9. (A,B) Graph presenting changes in TC concentration in a function of time for the experiment
aimed at assessing the effect of radical scavengers on the degradation of TC via photo-assisted Fenton-
like process. (C) The influence of water matrix (deionized water vs. tap water vs. river water from the
Warta River) on the efficiency of TC degradation in the presence of CuPW-1/1 catalyst via photo-
assisted Fenton-like process. (D) Graph presenting changes in TC concentration in a function of time
for the experiment aimed at assessing the influence of pH on the efficiency of TC removal in the
presence of CuPW-1/1 catalyst via photo-assisted Fenton-like process. Reaction conditions: catalyst
(7.5 mg), TC solution in DI water (200 mL, 50 mg/L), H,O, (50 uL, 30%), UV light, r.t., 600 rpm,
without pH control (pH ~ 4.5 for A, B and D, pH ~ 7.5 for C).
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Table S5. Electron affinity and first ionization energy of elements from the literature data [11].

Element | Electron affinity (EA) [eV] First ionization energy (IE) [eV]
Cu 1.23 7.72

P 0.74 10.48

A\ 0.82 7.98

O 1.46 13.61
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Fig. S10. Comparison of TC degradation rates in the presence of Cu3(POs),, CuWOs, and CuPW-1/1
via Fenton-like, photocatalytic and photo-assisted Fenton-like processes. Reaction conditions: catalyst
(7.5 mg), TC solution in DI water (200 mL, 50 mg/L), H>O, (50 pL, 30%), UV-light, r.t., 600 rpm,
experiment without pH control (native pH ~ 4.5).
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Table S6. Chemical composition of tap and river water. Concentration of metals was determined based
on ICP-OES measurements (Shimadzu, Japan). Total organic carbon, total carbon, and inorganic carbon
were determined using TOC analyzer (Shimadzu, Japan). Total nitrogen was determined using TOC
analyzer equipped with a total nitrogen unit (Shimadzu, Japan).

Parameter Tap water River water
pH 7.45 7.80
Ca [mg/L] 120.1 79.8
Mg [mg/L] 13.21 9.37
Na [mg/L] 33.9 45.1
K [mg/L] 5.95 91.71
Total organic carbon [mg/L] - 0.64
Total carbon [mg/L] 53.79 47.78
Inorganic carbon [mg/L] 53.79 47.14
Total nitrogen [mg/L] 0.74 3.48

Tap water collected in Morasko (Poznan, Poland).

River water collected from the Warta River (Owinska, Poland).
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Table S7. Concentration of Cu, W, and P in post reaction mixtures established based on ICP-
OES measurements.

Reaction cycle Cu | P | w
[mg/L]

Recycling® — 1% cycle 13.1 4.54 13.71
Recycling — 2" cycle 14.2 4.02 7.75
Recycling — 3" cycle 11.1 3.05 4.83
Recycling — 4" cycle 8.12 2.26 3.29
Recycling — 5™ cycle 4.46 1.24 1.75
After reaction with the use of river water® 1.59 0.93 4.47

4 Reaction conditions: catalyst (10 mg), TC solution in DI water (50 mL, 50 mg/L), H>O> (25
pL), UV light, r.t., 600 rpm, without pH control (pH ~ 4.5)

b Reaction conditions: catalyst (7.5 mg), TC solution in DI water (200 mL, 50 mg/L), H>O;
(50 uL, 30%), UV light, r.t., 600 rpm, without pH control (pH ~ 7.5)
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Fig. S11. (A) XRD, (B) ATR-FTIR, and (C) XPS data for fresh and reused CuPW-1/1
composite catalyst after 1% and 4" reaction cycle. Before XRD, ATR-FTIR and XPS
measurements the spent catalyst was separated from the reaction mixture, washed with
deionized water and dried for 20 h at 80°C without any additional treatment. In the case of
ATR-FTIR spectra, some new IR bands were observed for the spent catalyst and assigned to
the presence of adsorbed TC molecules and/or its degradation products (IR bands highlighted

in yellow).
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Fig. S12. (A) The influence of catalyst removal on the efficiency of tetracycline degradation
via photo-assisted Fenton-like process. The catalyst was separated from the reaction mixture
by filtration, and the resulting filtrate was transferred into a clean beaker to continue the
reaction. (B) Pseudo-first-order plot for the determination of the apparent degradation rate of
TC after separation of the catalyst by filtration. Reaction without separation of the catalyst is
provided for comparison purposes. Reaction conditions: catalyst (7.5 mg), TC solution in DI
water (200 mL, 50 mg/L), H2O> (50 puL, 30%), UV-light, r.t., 600 rpm, experiment without pH
control (native pH ~ 4.5).
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