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Abstract: A novel catalyst, composed of silver phosphate (Ag3;PO4) deposited on a magnetic
material containing titanium dioxide (TiO;) and ferromagnetite (Fe3O,), was synthesized
and tested with wastewater from the maintenance system of a swimming pool and from
the secondary effluent of a wastewater treatment plant (WWTP). The magnetic material
Ag3PO,@1-TiO,-Fe30y4 presented a slightly lower photoactivity than bare AgsPO,4 but
was able to remove over 64% COD from the secondary effluent of a WWTP and over 75%
organic UV filters from a swimming pool wastewater. The material was easily recovered
from the treated water with a magnet and could be reused at least four times. The efficiency
loss after five reuses was 15%. The dissolution of silver after the photocatalytic reaction was
over 80 mg-L~! for bare Ag3PO; and less than 500 pg-L~! for the magnetic composites. The
magnetic support prevents the dissolution of silver. The materials that contained AgzPO4
showed antibacterial properties under dark conditions. The photocatalytic efficiency of
Ag3POy4 and commercial TiO, was similar under sunlight, both for the removal of UV filters
at pug-L~! concentrations from swimming pool wastewater, and for the removal of mild
COD loads from a WWTP effluent (initial COD: 110 mg-L~1).

Keywords: emerging contaminants; organic UV filters; silver phosphate; ferromagnetite;
titanium dioxide; swimming pool wastewater; WWTP effluent

1. Introduction

In recent years, there has been growing concern about the presence of emerging
contaminants (ECs) in natural water bodies. These are anthropogenic compounds, like
pharmaceuticals or personal care products, among others, that are found in trace concentra-
tions in the environment. These contaminants can reach the water bodies through several
pathways, although one of the main ones is the disposal of urban wastewater treatment
plant (WWTP) effluents [1].

Conventional WWTPs, normally based on biological treatments, are generally de-
signed to reduce the organic load of wastewater to comply with the legal limit to dispose of
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or reuse the treated water. One of the main parameters followed in WWTPs is the chemical
oxygen demand (COD). For example, in the European Union (EU), the COD legal limit
for wastewater disposal is currently 125 mg-L~! [2]. There is no specific regulation for the
disposal of most ECs, although several studies have proven that these compounds, even
at low concentrations, can affect human health and reproduction [3], are toxic to aquatic
species [4,5], and increase bacterial resistance [6]. Some of the ECs detected in WWTPs,
such as some personal care products, are recalcitrant to biodegradation, and end up in the
natural water bodies where the effluents of WWTPs are discharged [7]. Such is the concern
about the effect that ECs can cause that the EU created in 2013 a watch list of priority
substances hazardous to the aquatic environment. This list is updated every two years [8].
In 2022, three UV filters were added to the watch list, namely, butyl methoxydibenzoyl-
methane (or avobenzone) (BMDBM), octocrylene (OC), and benzophenone-3, also known
as oxybenzone (BP-3) [9]. These UV filters, among others, have been reported to be present
in the effluent of several conventional activated sludge-based WWTPs [10], which indicates
that the biodegradability of these compounds is in fact low.

The pollutants that present low biodegradability are normally known as recalcitrant
molecules. Conventional WWTPs, based on biological methods, are not capable of re-
moving these pollutants, and, thus, other treatments must be employed. Heterogeneous
photocatalysis is based on the production of oxidizing and non-specific species, such as
hydroxyl radicals (-OH), and is a possible alternative for the removal of these recalcitrant
pollutants. Titanium dioxide (TiO,) is the widest employed heterogeneous photocatalyst,
although its main drawback is that it needs to be irradiated with ultraviolet (UV) radiation
o(A <400 nm) [11]. This limits the option of using natural sunlight in the photocatalytic
process because only about 5% of the solar spectrum meets this limitation; about 45% of
the spectrum is in the visible range (400-760 nm) and the rest is infrared [12].

Silver phosphate (AgzPQOy) is an alternative photocatalyst that is widely known due
to its antibacterial properties [13] and is active under visible light [14]. However, the
adsorption of contaminants on this material is hindered by its low specific surface area,
which is commonly below 3 m?-g~! [15]. Additionally, Ag3POy is slightly soluble in
water (0.02 g~L’1) and the dissolved silver ions are reduced to silver atoms (AgO) by the
photogenerated electrons [16]. This is known as photocorrosion, and, to minimize this
effect, electron sacrificial agents must be introduced. In this sense, several authors have
modified AgsPO, with the deposition of precious metals, ion doping techniques, or the
coupling of semiconductors.

The coupling of Ag;PO,4 with graphitic carbon nitride (g-C3Ny) [17-19] or TiO, [20-25]
is the most frequently reported technique. The heterojunction formed via the coupling of a
semiconductor with a wide bandgap, like TiO,, with another one with a smaller bandgap,
inhibits the recombination of electrons and holes thanks to the transfer of electrons between
the two semiconductors [15,26].

The use of AgzPO, and AgzPO,4 composites in photocatalysis has been widely studied
for the degradation of target molecules in distilled water. However, to date and to the best
of our knowledge, there are only nine previous reports (from a search on Scopus conducted
on 23 March 2024) that deal with the use of AgzPOy4-based photocatalysts for the treatment
of contaminants in a real or industrial wastewater matrix. All of them spike a contaminant
in the wastewater and follow the degradation kinetics of that specific molecule [27-32].

For instance, several authors studied the capacity of different AgsPO,-based materials
for the removal of tetracyclines, spiked into different water matrices, such as municipal,
medical, or swine wastewater, in addition to river or tap water [27-29]. All found that
the degradation of the target compound was lower in such water matrices compared
to deionized water. Other authors reported the same findings for the study of Ag;PO4-
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based materials to remove dyes (mainly methylene blue, methyl orange, or rhodamine B)
spiked into seawater, pond water, or textile wastewater [30-32]. The inhibition effect in
degradation caused by the different water matrices is a consequence of the occurrence of
competing species and ions. For instance, chloride is known to scavenge hydroxyl radicals,
and, additionally, it can react with Ag;POy to form AgCl [33].

Another issue in heterogeneous photocatalysis is to find proper support to reduce the
cost of the separation and reuse of the photocatalysts from the treated water. However, the
immobilization of the catalyst leads to lower reaction rates because the exposed surface area
decreases, and the supporting material can interfere with the reaction process [34]. In recent
years, the use of magnetic materials to support photocatalysts has attracted special attention
because it allows high surface areas to be exposed. In most of the studies conducted in this
regard, ferromagnetite (Fe304) was used as magnetic support [35-40].

To our knowledge, very few previous works have reported the use of AgzPO,/magnetic
nanocomposites for photocatalysis. Some authors used other magnetic materials as support
for Ag;POy, such as FesO4 [36], magnetic graphene oxide (GO) [41,42], and spinel ferrites
such as manganese ferrite [43], cobalt ferrite [44], or nickel ferrite [45].

However, most previous studies were performed using dyes (mainly methylene
blue and Rhodamine B) as probe molecules in distilled water. Some also used bacteria
(mainly E. coli and S. aureus), cultivated in Petri dishes and exposed to the silver-based
materials, to determine the antibacterial activity of the materials. In the case of using
methylene blue as a probe molecule, recent studies have shown that this dye is unsuitable
for photocatalytic testing under visible light due to direct photocatalytic oxidation, as it
suffers at 400-500 nm [46]. Thus, studies with other probe molecules are necessary.

Regarding the application of magnetic AgzPOy-based materials for the treatment of
real wastewater, to date, there are no previous studies concerning this topic in the literature.
We believe that it is fundamental to evaluate the efficiency of these photocatalysts in
the treatment of real wastewater to determine whether these materials could be used in
industrial applications.

In this work, AgsPO, was synthesized and supported onto magnetic materials (Fe3Oy
or TiOy—Fe304). Ag3PO4 was chosen for its antibacterial properties, in addition to its
activity under visible light. TiO, was added to the composite for its proven photoactivity.
Lastly, Fe3O4 was chosen as a magnetic support because of its simplicity and wide use
in this respect. The TiO,-Fe30, composite was produced by adding different loads of
commercial TiO; to the synthesis procedure of Fe304. Next, AgzPO4 was synthesized over
the magnetic TiO,—Fe304 material by precipitation. The aim of the study was to treat two
real wastewaters, namely, effluent from a conventional activated sludge-based WWTP and
wastewater from the swimming pool sand filter maintenance system of a hotel, with an
AgsPOy-based recoverable photocatalyst.

2. Materials and Methods

2.1. Reagents/Chemicals

Iron (II) chloride (FeCl,-4H,0O, 98.0%), iron (III) chloride (FeCl3-6H,0O, 97.0%), hy-
drochloric acid (HCl, 37%), and ammonia solution (NHs, 25 wt.%), all supplied by Panreac,
were used to produce the magnetic material. The titanium dioxide (TiO;) used in this
study was Aeroxide® P25. Silver nitrate (AgNOj3, 99.8%), di-sodium hydrogen phosphate
(NagHPO4-12H;0, 98.5%), and ortho-phosphoric acid (H3POj, 85%), all also supplied by
Panreac, were used to synthesize silver phosphate (Ag3POy).
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2.2. Analytical Determinations

Scanning electron microscopy (SEM) was performed at a voltage between 8 and 15 kV.
A Sigma 300 VP FESEM Zeiss instrument was used, equipped with energy-dispersive X-ray
spectroscopy (EDX).

X-ray diffraction (XRD) was performed using a PANalytical Empyrean diffractometer
(Cu Ko, A = 1.5406 A). The fractions of the different phases were determined from the
relative diffraction peak intensities of the main crystalline planes. Match! 3® software was
used to analyze the diffractograms.

The crystallite sizes were calculated from the peak full widths at half maximum
(FWHM) using the Scherrer equation [47,48]:

Crystallite size (nm) = KA/(FWHM - cos 6) (1)

where K is the Scherrer constant (0.9), A is the wavelength of the radiation (nm), and 0 is
the diffraction angle of the peak. FWHM values were obtained from Match!3® analysis.

For the X-ray photoelectron spectroscopy (XPS), a PHI VersaProbe II instrument was
used. The obtained binding energies were calibrated to the C 1s peak (~284.8 eV). The
X-ray source was monochromatic Al K« (1486.6 eV) at 47.3 W.

The method described in [49] was employed to determine the point of zero charge
(pHpzc) of the materials. Briefly, several samples were prepared in which 3 mg-mL~! of
the material was added to 50 mL of a 0.01 M NaCl solution. The pH of each sample was
adjusted to values between 2 and 12 with HCI and/or NaOH, and the samples were left in
sealed bottles for 24 h. Next, the pH value of each sample was measured again. The initial
pH was plotted against the final pH. The pHpzc was determined from the intersection
between the curve and the diagonal line of the plot.

Determination of BET-specific surface areas was carried out from nitrogen adsorption
isotherms at —196 °C using a Micromeritics Asap 2020 analyzer (Micromeritics, Norcross,
GA, USA).

The hysteresis curves of the magnetic materials were measured at 300 K with a
Quantum Design MPMS XL SQUID magnetometer (Quantum Design Iberia, Barcelona,
Spain).

A Varian Cary E5 spectrophotometer (200-800 nm) was used for UV-vis diffuse
reflectance spectra (DRS) measurements and the bandgap values were determined from
the Tauc plot [50].

For COD measurements, USEPA Standard Method 5220 D was followed. Hach® TNT
vials were used to determine COD values between 3 and 150 mg-L~!. The digestion of
samples, for 2 h at 148 4 2 °C, was performed in a SRB200 Hach® reactor Hach Europe,
Diisseldorf, Germany).

Standard UNE-EN ISO 9308-3:1999 [51] was followed to determine E. coli, and Stan-
dard UNE EN ISO 7899-2:2001 [52] was used for E. faecalis determination.

The following organic UV filters were determined (from 0.025 pg-L~! to 250 pg-L~1):
4-methylbenzylidene camphor (4-MBC), benzophenone-3 (BP-3), homosalate (HMS), oc-
tocrylene (OC), butyl methoxydibenzoylmethane (BMDBM), isoamyl p-methoxycinnamate
(IMC), drometrizole trisiloxane (DTS), octisalate (EHS), and methylene bis-
benzotriazolyltetramethylbutylphenol (MBP).

For the determination of the abovementioned organic UV filters, the procedure de-
scribed elsewhere was applied [53]. First, samples were extracted using a solid-phase
extraction procedure. Briefly, 700 mL of the samples were adjusted to pH 3 using formic
acid and filtered through 0.45 pm. Next, samples were passed through C18 cartridges
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and eluted with 5 mL of a methanol: acetonitrile solution (1:1, v/v) to preconcentrate the
analytes 140 times.

The samples were then measured in an ACQUITY UHPLC with an MS/MS system
(triple quadrupole) equipped with an electrospray ionization (ESI) source. The capillary
voltage used was 4 kV, the cone voltage was set to 15 V, and the source temperature was
120 °C. Nitrogen was used for desolvation (450 °C, 500 L-h—1). Argon was used as collision
gas. Samples were injected (10 uL) into a BEH C18 column (50 x 2.1 mm, 1.7 um particle
size), with the mobile phase composed of methanol (A) and water with 0.1% (v/v) formic
acid (B), at a flow rate of 0.3 mL-min~!. To separate analytes, the mobile phase was applied
using the following gradient: 25% A: 75% B for 3 min, then lowered over 2 min to 0% A:
100% B, which was held for 1 more minute. The ratio 25% A: 75% B was next reached in
1 min and held for 1 additional minute before the next injection.

Dissolved iron was determined using the o-phenanthroline method [54] in an Agilent
Varian Cary 60 UV-vis spectrophotometer (510 nm). The detection and quantification limits
were 0.15 mg-L~! and 0.47 mg-L~!, respectively. The adjusted R? was 0.99.

The concentration of silver was determined according to standard UNE-EN ISO
17294 [55], using inductively coupled plasma mass spectrometry (ICP-MS). The detection
limit was 2 pg-L~1.

2.3. Synthesis of Materials

The materials synthesized in this study were bare Ags;PO; and the magnetic
Ag3PO4@Fe;0, and Ag3;PO4@1-TiOp-Fe304. The magnetic supports alone, Fe3O4 and
1-TiO;,-Fe304, were synthesized for comparison purposes.

Ferromagnetite (Fe3O,) was synthesized following a modified Massart method [56].
For this purpose, FeCls (40 mL, 1 M) and FeCl, (10 mL, 2 M, prepared in 2 M HCI) were
added to an NHj solution (500 mL, 0.7 M, pH =~ 12). The magnetic precipitate formed was
washed with deionized water to remove excess NH3 and then dried at 80 °C for 12 h. The
resulting material is Fe3Oy.

To synthesize the TiO,-Fe3O4 material, TiO, (1 g) was added to the NHj3 solution
before mixing it with the FeCl; and FeCl, solutions. The rest of the procedure was as
described above. The resulting material is 1-TiO,-Fe304. The TiO; used in the synthesis
procedure was commercial Evonik P25, which is composed of about 80-85% anatase and
15-20% rutile.

AgsPOy4 was supported on the magnetic materials following a method adapted from
elsewhere [36]. For this purpose, 104 mg of the magnetic support was dispersed in deion-
ized water and sonicated for 10 min in an Ultrasons-HD Selecta bath (40 kHz). Next, a
NapHPOy4 (4 mL, 0.15 M) solution at pH 4.12 (regulated with phosphoric acid) was added
and the mixture was sonicated for 30 more minutes. Lastly, AgNOj3 (12 mL, 0.15 M) was
added dropwise, and the mixture was sonicated for 4 h. Next, it was dried at 80 °C, and the
solid was washed with deionized water several times to remove impurities. The washed
material was dried at 80 °C for 24 h. Lastly, the material was sieved through a 75 pm sieve.
The resulting material was named Agz;PO4@Fe304 or AgzPO,@1-TiO,-Fe3Oy4, depending
on the magnetic material employed in the synthesis. To synthesize bare AgzPOy, this same
process was applied; however, no magnetic material was added to the mixture.

2.4. Photodegradation Experiments

For the photodegradation experiments, 100 mL (for the WWTP effluent) or 800 mL
(for the swimming pool maintenance system wastewater) of wastewater was introduced
in a Pyrex glass batch reactor with 1 g-L~! of photocatalyst. This photocatalyst load was
chosen as optimal based on preliminary experiments with the WWTP effluent in which the
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photocatalyst load varied from 0.5 to 1.5 g-L~1. All experiments were conducted at natural
pH. The experiments were carried out under solar irradiation. Agitation was maintained
by means of strong aeration using a Turbojet M101 aquarium pump (72 L-h~1).

For photolysis experiments, the wastewater was left under sunlight without adding
photocatalysts. This experiment was performed as a blank experiment to check whether the
organic compounds present in the wastewater were susceptible to decomposition under
sunlight.

To remove the turbidity of the swimming pool maintenance system wastewater, these
samples were filtered through a 1.2 pm filter before the experiments.

The light intensity was measured with a GEO-MS-80-S pyranometer (Eko Instruments,
Den Haag, The Netherlands), which is ISO 9060:2018 [57] Class A. The results for these
experiments are shown as the percentage of removal of organic matter versus accumulated
energy (E,, J-L™1). E, at different time intervals was calculated following Equation (2) [58],

E,(t) = E(ty) + At-G- (‘é) 2)

where A is the area exposed to the sunlight, which is the area of the bath reactor, At is the
reaction time interval, in seconds, G is the mean solar irradiation in the time interval, in
W-m~2, and V is the volume of the treated water, in L.

The reactors were exposed to sunlight once the adsorption—desorption equilibrium
was established (i.e., after 30 min in the dark). During irradiation, samples were taken at
different time intervals. The catalysts added to the WWTP effluent samples were left to
settle in the dark for 5 min and the supernatant was taken for microbiological analysis.

In the recycling experiments, carried out with WWTP effluent samples, the photocata-
lyst was separated from the solution by centrifugation. The separated photocatalyst was
then used in the next degradation experiment without further treatment. For comparison
purposes, each cycle of these experiments was continued until the accumulated energy
reached 80 kJ-L~!. COD removal was registered for each cycle to determine the possible
efficiency loss of the photocatalysts.

3. Results and Discussion
3.1. Characterisation of the Materials

Representative SEM micrographs of the synthesized materials are shown in Figure 1.
All materials presented irregular shapes and heterogeneity in the particle sizes. This was
expected because the method chosen to produce them was the chemical precipitation
method due to its simplicity and low energy requirements.

EDX elemental mapping analysis revealed that on the surface of the composite mate-
rials, iron (Fe), titanium (Ti), and silver (Ag) were distributed along all the surface of the
materials, as can be seen in Figure 2 for AgsPO,@Fe;04 and AgzPO,@1-TiO,-Fe304. FezOy
rods were found in different sizes but homogeneously along the image, serving as support
for AgsPO,4. However, it should be noted that higher concentrations of Ag were found in
clusters throughout the surface. These clusters presented variable sizes.

The XRD patterns of all materials are shown in Figure 3. The fractions of each crys-
talline phase and average crystallite sizes are shown in Table 1. As mentioned above,
Match! 3® software and the Crystallography Open Database were used to analyze the
diffractograms. The peak with the highest intensity for anatase was found at 26 equal to
25.3° (corresponding to Miller index 011). For rutile, the main peak was found at 27.4°
(110). The position of the main peak for AgzPO4 was 33.4° (201), and that of Fe3O4 was
35.7° (311) [59-62].
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Figure 1. SEM images of (a) AgzPOy, (b) Fe304, (c) 1-TiO,-Fe30y4, (d) AgsPO4@1-TiO,-Fe304, and
(e) Ag3PO4@ Fe304.

Figure 2. SEM-EDX images of (a) Ag3PO4@1-TiO,-Fe30y4, (b) EDX map of AgzPO,@1-TiO,-Fe30y,
(c) AgzPO4@ Fe304, and (d) EDX map of AgzPO4@ Fe30y4.
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Figure 3. XRD patterns of: (a) AgzPOy, (b) Fe3Oy, (c) 1-TiOy-Fe30y4, (d) AgzPO,@1-TiOy-Fe30y,
(e) AgsPO4@ Fe30y, and (f) TiO, (Evonik P25). Legend: white square AgzPO, (L), dark circle Fe3Oy
(@), white triangle TiO-anatase (), dark triangle TiO,-rutile (A).

Table 1. Fraction of the crystalline phases in the composites.

Ag;POy TiO, (Anatase) TiO, (Rutile) Fe;0y4

Material

% % % %

Ag3PO4 100 - - -
Fe3O4 - - - 100
1-TiO,-Fe304 - 29.6 24 68.0
Ag3PO4@1-Ti02—F6304 11.7 24.2 1.7 62.4
Ag3PO,@Fe30,4 61.6 - - 38.4

TiO, (Evonik P25) - 85.5 14.5 -

XRD analysis revealed that, for the 1-TiO,-Fe3O4 material, the presence of the TiO,
crystalline phase anatase was 29.6%. The content of anatase in the Ag;PO,@1-TiO;-Fe3O4
composite was similar (24.2%).

The percentage of Ag3;POy in AgzPO4@1-TiO,-Fe304 was 11.7%. The AgsPO4@ Fe304
photocatalyst contained 61.6% of Agz;PO4. However, from the SEM-EDX analysis, we
observed that the estimated percentage weight of Ag was higher in Ag;PO,@1-TiO;-Fe304
than in Ag3PO,@Fe304. Thus, although the AgzPO4@Fe304 composite contained a higher
ratio of Ag3POy, the concentration of this photoactive compound was higher on the surface
of AgzPO,@1-TiO;-Fe304 than on the surface of AgzPO,@Fe30;.

The crystallite sizes were as follows: 52-54 nm for Ag3POy, 21-22 nm for anatase,
20-22 nm for rutile, and 11-13 nm for Fe3O,4. These remained constant for all materials.
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XPS analysis was used to further analyze the elemental composition and chemical
status of the composites. The three materials were analyzed: Ag;POy4, AgsPO4@Fe304, and
Ag3PO,@1-TiOy-Fe304. Results are shown in Figure 4. Signals of Ag and P were found in
all samples. Ag 3d was present in all the materials. For Ag3PO4 and AgsPOs@Fe30y, this
element presented two absorption peaks, at 368.2 eV and 374.1 eV, which correspond to
the absorption of Ag 3d5/2 and Ag 3d3/2 orbitals, respectively, with the silver in its ionic
form [63]. The peaks were also present in the Ag;PO,@1-TiO-Fe;O,4 composite, although
slightly shifted and located at 368.5 and 374.5 eV, respectively. For phosphorus, we found
only one P 2p absorption peak at 133.6 eV for all three materials. This corresponds to the
phosphate ion in AgzPO4 [64].

@) 368.3 eV

Ag3d ®) 1336V P2p

374.1eV

368.5 eV ;

374.5eV

. I

360 362 364 366 368 370 372 374 376 378 330 382 384 122 124 126 128 130 132 134 136 138 140 142 144 146

Binding energy (eV) Binding energy (eV)

(© g Aalev Fe2 () 458.8 eV Ti2
— 718.5 eV p ¢ Y

/\ 464.6 eV

734 732 730 728 726 724 722 720 718 716 714 712 710 708 706 704 472 470 468 466 464 462 460 458 456 454 452 450 448
Binding energy (eV) Binding energy (eV)

Figure 4. XPS spectra of AgzPOy (blue), AgsPO4@Fe304 (orange), and AgzPO,@1-TiO,-FezOy4 (grey).

(a) Ag 3d, (b) P 2p, (c) Fe 2p, and (d) Ti 2p.

Fe 2p was determined in the magnetic materials. The deconvoluted spectrum via the
Voigt curve fitting function of Fe 2p revealed the following peaks, which are characteristic
of Fe30y4: Fe 2p3/2 at 712.1 eV and Fe 2p1/2 at 725.1 eV [65].

Lastly, the material containing TiO,, namely, Ag3PO,@1-TiO,-Fe3QOy, presented two Ti
2p absorption peaks (Ti 2p3/2 at 458.8 eV and Ti 2p1/2 at 464.6 eV), which correspond to
the Ti** in TiO, [66].

The atomic composition obtained from the XPS studies revealed that the content of
silver atoms was 14.91% in AgzPO4@Fe304 and 13.38% in Ag3PO4@1-TiO,-Fe304. The
atomic content of Ti in this last material was 0.52%.

UV-vis absorption spectra of the studied photocatalysts are included in Figure 5.

From DRS data we observe that, as known, UV illumination (A < 400 nm) is required
for TiO, sensitization. In contrast, visible light up to 530 nm can be used with AgzPO, and
the magnetic composites.

The calculated bandgap (Eg) values of the different materials are shown in Table 2.

We observed that, as expected, TiO; had the widest bandgap (3.20 eV). The bandgap
of AgsPOy4 was 2.36 eV, which agrees with values reported by other authors [16,67]. The
bandgap of Fe3O, was the lowest (1.87 eV). This value is similar to that reported by another
author for the synthesis of Fe304 at pH 10 and at room temperature (1.76 eV at 25 °C) [68].
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Figure 5. (a) UV-vis DRS of the Ag;POy4-based photocatalysts and the magnetic supports employed
in the study. For comparison purposes, the DRS of TiO, (Evonik P25) is also shown. (b) Bandgap
energy (Eg) determinations from the Tauc plot.

Table 2. Bandgap (Eg), pHpzc, and specific surface area values of the different studied materials.

Material Eg (eV) pHpzc Specific Surface Area (m?-g—1)
AgszPOy 2.36 5.1 0.80
Fe304 1.87 7.1 133.99
Ag3PO4@Fe304 1.90 7.0 9.82
Ag3PO4@1-TiOy-Fe304 2.20 6.5 8.03
TiO, 3.20 - 52

The estimated pHpyc values were: 5.1 for AgzPOy, 7.1 for Fe30y, 7.0 for 1-TiO,-Fe3Oy,
7.0 for AgsPO,@Fe304, and 6.8 for AgzPO,@1-TiO,-Fe;04. The pHpzc determined for
Ag3PO, agrees with that reported in the literature (pHpzc 4.8) [69]. Likewise, the pHpzc
reported by other authors for Fe3Oy is between 6.8 and 7.2 [70-72], which is in line with the
results we found in this study.

Thus, as reported by other authors [36], Fe30, particles are expected to be charged
positively at pH values below 7.1 (pHpzc), and, for this reason, the addition of phosphate
ions at pH 4.12 during the Ag3PO4@Fe30, synthesis favors the electrostatic interaction of
the negative phosphate groups with the positively charged magnetic particles. The same is
applicable to 1-TiO,-Fe304, which has a pHpzc of 7.0.

Regarding the specific surface area, we observe from the data shown in Table 2 that
the synthesized Ag;PO;4 presents only 0.80 m?-g . In this sense, several authors have also
reported low specific surface areas, between 2.28 and 2.80 m?-g !, for AgzPOy synthesized
through the precipitation method, as was carried out in this work [73-76].

We can see from Table 2 that the specific surface area is over 10 times higher for
Ag3PO4@Fe304 and AgzPO,@1-TiO;-Fe304. That is, the specific surface area of the mag-
netic composites is higher than that of bare AgzPOj.

The magnetic properties were determined for the following materials: Fe3Oy, 1-TiO,-
Fe304, AgzPO4@Fe304, and Ag3;PO,@1-TiO;-Fe3O4. The magnetization curves were almost
identical for Fe304 and 1-TiO,-Fe30y, as well as for AgzPO4@Fe304 and Ag;PO,@1-TiO;-
Fe304. The magnetization curves of 1-TiO,-Fe3O4 and Ag3;PO,@1-TiO,-Fe304 are shown
in Figure 6a.
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Figure 6. (a) Magnetic hysteresis loops of 1-TiOp-Fe304 and AgzPO,@1-TiO;-Fe3Oy. (b) AgzsPO4@1-
TiO;-Fe30y4 separated from water using an external magnet.

The saturation magnetization was 51.6 emu-g~! for 1-TiO,-Fe30, and 13.2 emu-g !
for AgzPO4@1-TiOy-Fe304. The decrease in the magnetization observed for the AgzPO4@1-
TiO,-Fe3O4 composite can be attributed to the presence of the non-magnetic AgzPOj.
Nonetheless, the composite material presents enough magnetization to be recovered with a
magnet in a few seconds. Figure 6b shows a picture of the AgzPO,@1-TiO,-Fe304 material
collected with an external magnet.

3.2. Photocatalytic Performance

The photocatalytic materials were tested during the treatment of two different wastew-
aters, namely, wastewater from the maintenance system of a swimming pool and from a
WWTP secondary effluent. The main parameters of both wastewater samples are shown in
Table 3.

Table 3. Characterization of the wastewater samples collected from the hotel swimming pool
maintenance system and from the WWTP secondary effluent.

Parameter Swimming Pool Maintenance WWTP Secondary
System Wastewater Effluent

pH 6.39 6.60

Turbidity (NTU) 31 11.5

COD (mg-L1) <5 110

Free chlorine (mg-L_l) <0.3 <0.3

E. coli (UFC/100 mL) <1 -

E. faecalis (UFC/100 mL) <1 26 x 10°

The wastewater from the maintenance system of the swimming pool was filtered to
remove turbidity and prevent scattering effects during the photocatalytic process. The
wastewater from the WWTP was used as received in the photocatalytic experiments.

3.2.1. Swimming Pool Maintenance System Wastewater

Considering that this wastewater was free of bacteria (see Table 3), the removal of
the organic UV filters present in the sample was followed to evaluate the efficiency of the
different photocatalysts. Only three organic UV filters (HMS, OC, and EHS) were detected
in the wastewater sample from the sand filter maintenance system of the swimming pool,
namely, 0.054 &+ 0.009 ppb HMS, 1.743 £ 0.012 ppb OC, and 0.137 £ 0.005 ppb EHS. Of
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these, OC is included in the EU watch list of priority substances hazardous to the aquatic
environment, as indicated previously.

The adsorption of the contaminants on the photocatalysts was negligible. The pho-
tocatalytic experiments continued until the accumulated irradiation reached 40 kJ-L~1.
Results are shown in Figure 7. It can be observed that 70% of the HMS and EHS was
removed through photolysis. OC was less susceptible to photolysis but 40% was removed
with exposure to sunlight.

100

80
60
40
20
0
HMS ocC EHS

® Photolysis m Ag;PO, m Ag;PO,@Fe;0; mAg,PO,@1-TiO,-Fe;0, #TiO,

% Removal

Figure 7. Removal of organic UV filters from the swimming pool maintenance system wastewater.
Experimental conditions: 1 g-L ™! photocatalyst, natural pH, 40 kJ-L~! accumulated irradiation.

As for the photocatalytic processes, HMS was completely removed from the wastewa-
ter sample with all the photocatalysts studied. However, for OC and EHS, bare Ag;PO,
and bare TiO, presented the highest removal rates. When AgzPOy4 was used, 86.91% OC
was removed, and 85.05% when TiO, was employed. The removal of EHS was 86.56% with
Ag3POy and 85.35% with TiO,.

Under sunlight, materials with lower bandgap values, such as AgzPOy4 (2.36 eV), when
compared with TiO; (3.2 eV), are expected to present higher photoactivity. However, this
also depends on the surface area of the materials, which is available for the adsorption of
contaminants and to produce reactive species. In this sense, the specific surface area of
AgzPOy is much lower than that of TiO; (see Table 2). Considering that the direct adsorption
of contaminants was negligible in this process, it must be considered that AgzPOj is slightly
soluble in water, and it is known that silver ions are reduced to silver atoms (Ag") by the
photogenerated electrons [16]. This reduces the efficiency of AgsPOy by increasing the time
of exposure to sunlight.

In the swimming pool maintenance system wastewater, the concentration of the
contaminants followed along the photocatalytic reactions was low (in the order of pg-L™!
or ppb). As mentioned above, both Ag;PO,4 and TiO, presented similar photodegradation
results for the removal of UV filters from the wastewater. Thus, we can affirm that, at
low contaminant concentrations, both photocatalysts, AgsPO, and TiO,, present equal
photoactivity under sunlight.

It should be highlighted that, to the best of our knowledge, no previous studies have
been conducted on the degradation of these particular UV filters with photocatalysts.

When the magnetic photocatalysts were employed, about 80% OC and 75% EHS were
removed. In this case, both materials exhibited very similar efficiencies. The lower removal
achieved with the magnetic materials compared to the bare photocatalysts is due to the
lower presence of the photoactive materials per mass unit of material. Additionally, it has
been reported that ferromagnetite can act as a charge recombination center to the detriment
of the photocatalytic process [77]. However, the removal of the organic UV filters was still
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high when the magnetic materials were used, and these enabled an easier separation of the
photocatalyst from the treated water.

Lastly, it must be noted that the magnetic supports alone, namely, Fe30, and 1-TiO,-
Fe;04, presented negligible photodegradation.

3.2.2. WWTP Secondary Effluent

The photocatalytic activity of the materials was also screened using wastewater from
the effluent of the secondary stage of a conventional activated sludge WWTP. On this
occasion, the concentration of E. faecalis and COD were followed. The experiments were per-
formed using 1 g-L~! of the material, at natural pH, with a 30-min adsorption-desorption
equilibrium stage and, next, under sunlight until the accumulated energy reached 80 kJ-L~!.
At our location, this accumulated energy was reached in about one hour. It should be noted
that E. faecalis was completely removed in all the experiments after the illumination stage.

For comparison purposes, experiments were also performed with the magnetic sup-
ports alone, in the absence of AgzPO,. We observed that adsorption was negligible for all
materials. Fe3O4 alone did not produce photodegradation, and Fe;O4-1-TiO, did show
some photoactivity, although the process was very slow, and only 14% COD was removed.
Additionally, photolysis experiments were also carried out, with its effect on COD removal
having been found to be negligible. Photolysis did, however, remove 100% of the E. faecalis,
as expected.

The COD removal followed a pseudo-first order reaction kinetic and the reaction rate
constants were determined from the slope of the plot In[C/C0] vs. reaction time. The
apparent reaction rate constants for the COD removal of the WWTP secondary effluent
using the photocatalysts studied in this work are shown in Table 4.

Table 4. Apparent reaction rate constant, k, and COD removal for the treatment of a WWTP secondary
effluent using the materials studied in this work. Experimental conditions: 1 g-L ™! catalyst, natural
pH, 80 kJ-L~! accumulated irradiation. E. faecalis removal is shown for the adsorption-desorption
equilibrium stage (without illumination).

Material k,min-1 % COD Removal % E. faecalis Removal
AgszPOy 0.0159 62.49% 100%
TiO, 0.0174 65.82% 7.69%
Ag3PO4@ Fe304 0.0084 39.01% 61.54%
AgzPO4@ Fe304-1-TiO, 0.0162 64.67% 65.38%

Among the magnetic AgsPO4 composites, we found that AgsPO,@Fe3O4 yielded
slower COD removal under sunlight than bare Ag;PO,. This suggests that Fe;O, only
worked as a support in the composite.

On the other hand, the COD removal with the Ag;PO,@1-TiO,-Fe304 composite was
slightly faster than with bare Ag;PO;. This can be attributed to two factors. Firstly, in the
magnetic composite, both AgsPOy4 and TiO; are acting as photocatalysts, thus enhancing
the photodegradation process. Secondly, other authors have found that the combination of
Ag3POy4 and TiO, can reduce the electron-hole recombination and, thus, these composites
yield higher efficiencies than Ag3PO, alone [78-81]. Furthermore, it has been reported that
the production of hydroxyl radicals is higher in an Ag3POy4-TiO,-Fe3O4 composite than in
bare AgzPOy [40].

It should be noted that COD removal was very similar for AgszPOy, the commercial
TiO,, and AgzPO,@1-TiO,-Fe304, although the apparent degradation rate constant was
slightly higher for TiO,. This can be attributed to the higher surface area of this material
compared to the others (see Table 2), and to the fact that Ag3POy suffers from photocorro-
sion [16] when exposed to illumination, and thus loses efficiency, as detailed in Section 3.3.
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However, only AgzPOy achieved 100% E. faecalis under dark conditions, in the absence of
sunlight. This was expected due to the antibacterial properties of silver [82]. The magnetic
materials that contained Ag;POy also removed over 60% E. faecalis in the dark stage of the
experiments, as depicted in Table 4.

3.3. Reuse of the Magnetic Photocatalysts

The results of the recyclability studies of the magnetic AgzPO,@Fe304 and AgzPO,@1-
TiO,-Fe304 catalysts are shown in Figure 8. We observed that the efficiency of both
catalysts decreased with increasing reuse; however, this effect was much sharper for the
Ag3PO,@Fe304 material.

mAg,PO, @Fe,0, ®Ag,PO, @1-Ti0,-Fe,0,
70

60 -

50 4
10
20 -
10 1 I
0 :
1 2 3 4

Cycle number

% COD removal
(,6\

Figure 8. Recyclability studies of the photocatalysts Ag3PO,@Fe;0, and Ag;PO,@1-TiO;-Fe3Oy.
The data shown correspond to the removal of COD from a WWTP secondary effluent with 1 g-L~!
photocatalyst after the illumination energy reached 80 kJ-L 1.

In this sense, the removal of COD was still about 60% after three reuses with the
Ag3PO4@1-TiO;-Fe304 photocatalyst, and the loss in efficiency was observed after the
fourth reuse. It should be noted that, in this study, the materials were reused without any
treatment.

The loss in efficiency of the photocatalysts with increasing reuse cycles is usually
attributed to the reduction of Ag* to Ag® due to the photocorrosion of AgzPO;. In this
sense, it should be noted that the CB edge of Ag3POj, is more positive than Eq (O,,aq/O;-7)
(—0.18 eV vs. NHE) and Ej (O,8/0,-7) (—0.33 eV vs. NHE) [83]. For this reason, 0%~
would not be produced from the direct reduction of oxygen when this photocatalyst is
used. Thus, the electrons from the CB of AgzPO;, react with Ag* ions, which are present
due to the slight dissolution of AgzPOy in water, to form Ag® (E0 (Ag*/Ag?) is +0.80 V vs.
NHE) [84]. This can be seen along the photocatalytic processes with bare Ag;PO, because
the material changes from yellow to black.

It is known that Ag-based TiO, materials present enhanced photoactivity, mainly
because silver can trap the electrons from the conduction band of TiO,, preventing electron-
hole recombination [85]. For this reason, the photocorrosion of AgzPO, in Ag;PO,@1-TiO;-
Fe304 could lead to an enhanced charge separation which may favor the photocatalytic
process.

Other authors deduced from XPS analysis that the dissolution of AgzPOy is greater for
bare AgsPOy than for a AgzPO4-TiO,-Fe30,4 composite [40]. This could explain the better
reusability of AgzPO4 composites versus bare Ag3POy.

We performed XRD analysis of both AgzPO,@1-TiO,-Fe30,4 and AgzPOs@Fe304
composites after five reuses. XRD analysis of the AgzPO4@1-TiO;-Fe30; catalyst used
(Figure 9) revealed that 15.9% of the AgsPO4 found in the original material was converted
to Ag®. The Ag? proportion formed in the Ag3PO;@Fe304 composite was similar. Thus, in



Water 2025, 17, 232

15 of 20

this study, the photocorrosion of AgzPO,4 was not inhibited in the composite that contained
TiOs,.

20 (degrees)

Figure 9. XRD pattern of AgzPO,@1-TiO,-Fe3O; after five reuses. Legend: white square AgzPO;, (L),
dark square Ag0 (M), dark circle Fe30, (@), white triangle TiO;-anatase (A), dark triangle TiO,-rutile
(A).

Therefore, the best performance of the Ag;PO,@1-TiO;,-Fe3O4 composite versus
Ag3PO4@Fe3;0y4 in the recyclability studies may be attributed to the presence of two pho-
tocatalysts, AgzPO, and TiO,, and the additional presence of Ag’ in the Ag3PO4@1-TiO,-
Fe;O4 material. As explained above, Ag® formed on the surface of AgzPO4 may act as an
electron acceptor and further enhance charge separation.

Lastly, it is known that one of the major issues in the use of silver-based catalysts is
that they can exhibit high toxicity [86]. In this sense, it has been reported that free silver ions
released from the catalysts play a considerable role in the toxicity of these materials [87].

For this reason, we determined the concentration of silver in water after the photo-
catalytic processes at pH 9 when the following photocatalysts were used: bare AgzPOy,
Ag3PO4@Fe;04, and AgzPO4@1-TiOp-Fe304. We found that the concentration of silver
was high (83.41 mg-L’l) when bare Ag;PO, was used. However, for the AgsPO,@Fe304
and AgzPO,@1-TiO,-Fe30O4 composites, the release of silver was 240 and 478 pg-Lfl, re-
spectively. This shows that the presence of both Fe30, and 1-TiO-Fe3O4 in the materials
inhibits the release of silver into the water media. The release of silver reported in this study
is much lower than that reported by other authors, which can reach up to 0.12 g-L =1 [40].

However, further studies are needed to further reduce the dissolution lixiviation of
silver from the photocatalysts. As a reference, to date, the World Health Organization
(WHO) reports that 100 pg-L~! silver is the health-based acceptable reference value in
potable water [88].

Regarding the dissolution lixiviation of iron, it was lower than 0.47 mg-L~! for the
magnetic composites when used at pH > 6. It should be noted that the concentration of
iron in water is frequently limited by legislation. In the Canary Islands (Spain), this limit
is 10 mg-L~! for wastewater disposal, according to Decree 2/2019. Similarly, no more
than 2 mg-L~! iron is accepted for water reuse, according to the national Royal Decree
1620/2007.

4. Conclusions

A novel magnetically recoverable AgzPO4-TiO;-Fe304 photocatalyst was synthesized
and studied in this work for the treatment of two different real wastewaters. To the best of
our knowledge, no similar studies have previously been published in the literature. The
wastewater from the sand filter maintenance system of the swimming pool of a hotel in the
south of Gran Canaria (Spain) presented three UV filters, namely, HMS, EHS, and OC. This
last compound was included in 2022 in the EU watch list of priority substances hazardous
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to the aquatic environment. Over 75% of all sunscreen molecules were removed with the
photocatalysts studied in this work, using 40 k]-L ! of sunlight. The treatment of a WWTP
effluent indicated that only the materials that contained Agz; PO, presented a bactericidal
effect under dark conditions. COD removal (over 60%) was very similar for AgzPOy,
the commercial TiO,, and Ag;PO,4@1-TiO,-Fe304 for accumulated energy of 80 KJ-L- L.
However, the dissolution of silver, which is known to be highly toxic, was greatly reduced
for the AgzPOy-based magnetic materials compared to bare Ag3POy. The dissolution of
silver was over 80 mg~L_1 for bare AgzPO, and was reduced to less than 500 ug'L_1 for
the magnetic Ag3PO4-based composites. The magnetic materials were recovered easily
with a magnet. The saturation magnetization was 51.6 emu-g_1 for 1-TiO,-FezO4 and
13.2 emu- g_1 for Ag3;PO,@1-TiO;-Fe30O4. Finally, AgsPO4@1-TiO,-Fe304 could be reused
four times with an efficiency loss of 15%. It should be noted that the materials were not
washed or treated between reuses. Future works should focus on improving the materials
in terms of achieving lower silver dissolution and better stability for their reuse.
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