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ARTICLE INFO ABSTRACT

The use of nanomaterials in water treatment is an alternative for the development of new systems to optimize the pur-
ification process. Heterogeneous photocatalysis is used for the treatment of wastewaters contaminated with recalcitrant
pollutants that cannot be removed with conventional wastewater treatment techniques. Silver phosphate (Ag;PO,4) can be
used in visible-light driven photocatalysis. An important challenge of heterogeneous photocatalysis is to find a proper
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Silver phosphate support for the photocatalysts to reduce the expense associated with the separation and reuse of these materials. However,

the immobilization of the catalyst leads to lower reaction rates because the exposed surface area decreases and the material
used as support can also interfere. In the last years, the use of magnetic materials to support photocatalysts has attracted
special attention because it allows high surface areas to be exposed. Only few authors have reported the use of AgzPO./
magnetic nanocomposites for photocatalysis and these need to be continued to improve their efficiency. In this work we
synthesized AgzPO, and supported it on ferromagnetite (Fe;O,4). In this study, Fe;04 was synthesis following the Massart’s
method. AgzPO,4 was synthesised over Fe;0,4 from the reaction between silver nitrate (AgNO3) and disodium hydrogen
phosphate (Na,HPO,). For characterization, DRS, SEM, XRD and magnetization studies were carried out. Ag;PO, was
synthesised and satisfactorily supported over magnetite (Fe30423). The photodegradation of 10 mg-L™" of methylene blue
was achieved, although the apparent reaction rate constant was slightly lower for the magnetic composite than for bare
Ag;PO,. This is explained because the composite contained 48% of the active Ag;PO,4 material, as depicted form XRD
studies.

1. Introduction used, which include, among others: ultraviolet radiation, chemical treatments,

distillation and membrane processes (reverse osmosis, ultrafiltration, micro-

Water is a scarce resource and in many countries supply is not enough to
satisfy demand. The location of water resources and their quality are factors that
limit the availability of water. This problem is further complicated by climate
change, rapid industrialization, population growth and the pollution of existing
water resources [ 1]. To solve this question different solutions are proposed which
include repairing water distribution infrastructures and the conservation of ex-
isting water sources. However, these options cannot increase resources. Beyond
the hydrological cycle, the supply of water can only be increased by desalination
and water reuse.

For this reason, a series of conventional water treatment technologies are

filtration, electrodialysis.), but all of them show specific disadvantages [2].
The continuous deterioration of the environment is a problem with greater
relevance every day, and that requires short-term solutions. Most of the harmful
contaminants found in natural water bodies are anthropogenic compounds that
have low biodegradability and therefore cannot be removed by conventional
treatments. This is the case of the so-called emerging pollutants, which are found
in low concentrations in the environment and can cause ecological impacts, as
well as adverse effects on health [3]. These contaminants include: drugs, additives,
pesticides and a wide variety of compounds that, even at low concentrations, can
alter endocrine functions [4] and increase the presence of resistant bacteria [5].

Abbreviations: SEM, scanning electron microscopy; XRD, X-ray diffraction; EDX, X-ray spectroscopy; MB, Methylene Blue
* Presented at the 36th International Conference on Efficiency, Cost, Optimization, Simulation and Environmental Impact of Energy Systems (ECOS 2023), 25-30 June, 2023, Las

Palmas de Gran Canaria, Spain

* Corresponding author at: Universidad de Las Palmas de Gran Canaria, Escuela de Ingenierias Industriales y Civiles, Dpto. de Ingenieria de Procesos, Campus Universitario de

Tafira, 35017 Las Palmas, Spain.
E-mail address: jenifer.vaswani@ulpgc.es (J.V. Reboso).

https://doi.org/10.1016/j.dwt.2024.100065

Received 14 December 2023; Received in revised form 14 December 2023; Accepted 9 January 2024
1944-3986/© 2024 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://doi.org/10.1016/j.dwt.2024.100065
http://www.sciencedirect.com/science/journal/19443986
https://www.sciencedirect.com/journal/desalination-and-water-treatment/
https://doi.org/10.1016/j.dwt.2024.100065
https://doi.org/10.1016/j.dwt.2024.100065
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1016/j.dwt.2024.100065&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.dwt.2024.100065&domain=pdf
mailto:jenifer.vaswani@ulpgc.es

J.V. Reboso, J.S. Alonso and D.E. Santiago

The elimination and control of these substances in aqueous media is
complex due to their presence in large bodies of water. In recent years,
emerging contaminants were found in practically all the studied natural water
resources. For example, in Spain, more than 30 emerging contaminants were
found in groundwater [6], 100 in wastewater treatment plants 7], more than
100 in the effluent of conventional wastewater treatment plants [8], several in
aquaculture areas [9] and 144 in river water fish [10].

Due to the nature of these contaminants, most have proven to be poorly
biodegradable, and cannot be treated in conventional wastewater treatment
plants; thus, advanced oxidation processes are required to remove them [11].
Advanced oxidation processes are considered tertiary wastewater treatment
techniques and can be used to eliminate compounds that are difficult to bio-
degrade and to reduce microbiological contamination, often with the aim of
reusing the treated water. Among the most common tertiary processes we find
ozonation, photocatalysis or membrane filtration.

Based on this situation and considering the development of nano-
technology, the use of nanomaterials for water treatment is an alternative that
allows solving the drawbacks of traditional methods. Due to their properties,
nanomaterials can contribute in obtaining stronger, lighter, cleaner and smarter
surfaces and systems [12]. They have many applications ranging from auto-
motive and aircraft (for example, reinforced and lighter materials, antifouling
paints or more durable pneumatic) to biomedicine (biosensors or prosthesis).

In water treatment, nanotechnology is finding applications through dif-
ferent routes [13] such as the use of large surface area of nanoparticles to
adsorb contaminants, the use of membranes with nanomaterials (several stu-
dies have fixed nanomaterials to different polymer membranes and have ob-
tained a greater water flow than with conventional membranes) and the use of
catalytic nanoparticles to decompose contaminants (nanomaterials have a
higher photoactivity than conventional catalysts). Nanomaterials such as silver
nanoparticles [14], TiO, nanoparticles and carbon nanotubes [15] have bac-
tericidal effects that allow to eliminate microorganisms present in water [16].
They also have better adsorption capacities than conventional adsorbents for
low concentrations of heavy metals: porous carbon nanomaterials have been
used efficiently for lead, cadmium, nickel and zinc elimination [17]. Another
application is to treat oils and organic solvents: SiO, nanoparticles fixed to a
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polysulfone membrane improve antifouling properties and increase perme-
ability from 1.08 to 17.32 /m>h [18]. On the other hand, boron nitride nano-
slides have shown to adsorb up to 33 times their own weight in oils and
organic solvents while repelling water [19]. The use of nanomaterials has also
been evaluated for emerging contaminants in water treatment: a combination
of titanium dioxide and graphene eliminates, under sunlight, traces of drugs
and pesticides that escape from the current purification systems.

Of all the mentioned water treatment processes, we will focus on the use of
nanomaterials in heterogeneous photocatalysis.

Heterogeneous photocatalysis is a relatively low-cost and sustainable
technology for the treatment of many pollutants found in air and water, in-
cluding organic compounds and heavy metals.

This technique is used for the treatment of wastewaters contaminated with
recalcitrant pollutants that cannot be removed conventionally. One of the main
drawbacks is that most photocatalysts need to be illuminated with wavelengths
shorter than 388 nm [20]. However, Ag;PO, has been reported to use visible
light [21]. Another important challenge of heterogeneous photocatalysis is to
find a proper support for the photocatalysts to reduce the expense associated
with the separation and reuse of these materials. However, the immobilization
of the catalyst leads to lower reaction rates because the exposed surface area
decreases and the material used as support can also interfere [22]. In the last
years, the use of magnetic materials to support photocatalysts has attracted
special attention because it allows high surface areas to be exposed. Only few
authors have reported the use of AgPO,/magnetic nanocomposites for pho-
tocatalysis [21,23,24] and these need to be continued to improve their effi-
ciency. AgzPO, is an efficient visible light driven photocatalyst that is effec-
tive in the photo-degradation of hazardous organic dyes found in contaminated
wastewater [25].

In this work we synthesized AgzPO, and supported it on Fe;O4, per-
forming the characterization of the synthesized material.

The aim of the study was to fabricate an Ag;PO,-based recoverable
photocatalyst with activity under a simulated solar irradiation.

This study was developed within the framework of the research project
NAPLAGUA, aimed at the application of wastewater remediation using
Ag;PO,-based nanoparticles.
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Fig. 1. Bibliometric analysis of the terms “silver nanoparticles” and “water treatment”.
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2. Bibliometric analysis

Bibliometric analysis is defined as a statistical evaluation of published
scientific documents that enables the measure of the influence of publication in
the scientific community.

The data obtained from the bibliometric analysis of the terms "silver na-
noparticles" and “water treatment” are presented below. The scientific data-
base used to search for the terms was Scopus (search conducted on May 23rd,
2021), and the software used to analyze the results was VOS Viewer®.

A growing trend was observed in the number of documents published as of
2008, with the number of documents published up to that date being less than
200. Regarding the countries with the most publications on this subject, Spain
was in position number 10, with 265 publications. Among the research groups
or institutions with the greatest scientific production in the field, the first
Spanish institution, that is the Higher Council for Scientific Research (CSIC),
was found in position number 23.

However, if we add the term “emerging pollutants” to the previous search,
the number of documents is only 454 (from the year 2000 to the present).
Thus, up to the year 2010, only 6 references were found in Scopus related to
the study of silver nanoparticles for the treatment of emerging contaminants in
water. From 2010 onwards, the number of documents begins to increase,
finding in 2020, 90 documents published on this subject. In this regard, Spain
was the fourth country with the most documents (27 documents in total).

Fig. 1 shows the bibliometric network resulting from the search. It is
observed that the most frequently used materials for their combination with
silver nanoparticles are membranes (95 occurrences), graphene oxide (192
occurrences), titanium dioxide (327 occurrences) or magnetite (122 occur-
rences). Regarding the final application of these materials, we mainly found
keywords related to disinfection processes (E. coli, antibacterial activity, etc.),
although words related to emerging contaminants (antibiotics, tetracycline)
and dyes (blue of methylene, dyes) were also present.

3. Experimental
3.1. Sample preparation

Fe3;04 nanoparticles were synthesized using the Massart’s method [26-29].
Briefly, Fe;0, was synthesis at pH 12 (adjusted with ammonia) by the addition
of FeCl; and FeCl,. The magnetic material was washed with water and dried at
80°C.

Ags;PO, was synthesized by precipitation using a NaH,PO, 0.15M solu-
tion at pH 4.12 and a 0.15 M AgNO; solution. The material was then dried at
80°C.

For the deposition of AgzPO,4 over the magnetic support, the synthesized
Fe;04 nanoparticles were dispersed in distilled water, and added to the
NaH,PO, solution (0.15M, pH = 4.12). Next, the AgNOj; aqueous solution
(0.15M) was added drop by drop to the above solution under continuous
mechanical vibration, and then the solution was maintained at room tem-
perature and under continuous mechanical vibration for 4h. The magnetic
material was dried at 200°C, which enables the conversion of Fe;O, into y-
Fe,0;, following that described in Section 4.1.

The as-prepared magnetic AgzPO434 nanoparticles were separated by an
external magnetic field, The final material was washed with water to remove
excess phosphate and nitrate ions. The obtained magnetic AgzPOyz4 was se-
parated by an external magnetic field and then dried for 6 h at 80 °C.

3.2. Analysis

Powder X-ray diffraction (XRD) measurements were obtained on an X-ray
diffractometer PANalytical Empyrean diffractometer (Cu Kal, A = 1.5406 A).
Crystallite sizes were estimated using the Scherrer equation and the fractions
of the different phases were obtained from analysis with Match! 3® software.

UV-vis diffuse reflectance spectra (DRS) was measured using a Varian
Cary E5 spectrophotometer in the range 200 — 2000 nm. Bandgap values were
determined from the Tauc plot [30].
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SEM microscopic observation allowed the visualization of the material
surface morphology. For scanning electron microscopy (SEM) measurements
a Sigma 300 VP FESEM Zeiss instrument was used. It was equipped with
energy dispersive X-ray spectroscopy (EDX).

Magnetic measurements were carried out at 300 K using a Quantum
Design MPMS XL SQUID magnetometer.

3.3. Degradation experiments

The photocatalytic activity of the synthesized materials were evaluated by
the degradation of methylene blue (MB) under a simulated solar lamp. A 60 W
Hapro Solarium HB175 equipped with four 15 W Philips CLEO fluorescent
tubes with emission spectrum from 300 to 400 nm (maximum around 365 nm)
and with an average irradiation of about 90 W-m™2 was used. The photo-
catalyst (0.1 g) was added to an aqueous solution of MB (100 mL, 10mgL™")
at room temperature. The suspension was magnetically stirred for 30 min in
the dark to establish an adsorption desorption equilibrium to eliminate the
influence of adsorption. Next, the lamp and aeration (Turbojet 1, 72 Lh™")
were switched on to initiate the reaction. During irradiation, samples were
taken at different time intervals for 180 min or until complete degradation was
observed. Samples were centrifuged and the concentration of MB was mea-
sured with a UV-vis spectrophotometer at 660 nm (Cary 60, Varian, USA).
For comparison purposes, photolysis experiments were also carried out.

To investigate the stability and recyclability of the as-prepared composite
magnetic photocatalysts 3434), recycling experiments were also performed. In
the recycling experiments, after the photocatalysts were separated from the
solution by an external magnetic field, the remaining solution was removed.
The separated photocatalysts were washed five times with distilled water, and
then used in the next degradation experiment.

The concentration of silver lixiviated from the photocatalysts was de-
termined using inductively coupled plasma mass spectrometry ICP-MS in an
external laboratory. The employed method used in the determination was
based on UNE-EN ISO 17294 standard, and the detection limit was 2 ug-L™".

The light intensity was measured with a Proskit MT-4617 digital light
meter. The conversion from lux to W-m™2 was calculated considering that 120
lux is equivalent to 1 W-m™2 [31]. Results for these experiences are shown as
percentage MB degradation versus accumulated energy (Ea, J.L™'). Ea at
different time intervals was calculated following Eq. 1.

(A
E,(t) = E(ty) + At-G-(f)
2 (1) = Et) - "
where A is the area exposed to the light (that is, 0.0078 mz), At is the reaction
time interval, in seconds, G is the mean irradiation in the time interval, in
W-m~2 and V is the volume of the MB solution, in L (that is, 0.1 L).

4. Results and discussion
4.1. Characterization

XRD was used to investigate the crystalline phases of the materials. Fig. 2.
shows typical XRD patterns of the different samples. Fig. 2a shows the XRD
pattern of Fe;O, nanoparticles, Fig. 2b shows the XRD pattern of AgzPO,.
The successful coating and subsequent crystallization of AgzPO, over Fe;04
were also confirmed (Fig. 2c).

For the AgzPO, material alone, XRD studies revealed that 100% AgzPO,
was present. Similarly, for bare Fe;0,, 100% Fe;O4 was detected. For the
magnetic composite, shown in Fig. 2.c, we observed the following crystalline
phases: AgzPO, (47,8% Q), magnetite (Fe30,4) (42,6% o) and maghemite, (y-
Fe,03) (9,5% A). Although we initially synthesized Fe;Oy, it is known that
this structure can oxidize to y-Fe,Os, also magnetic, even at ambient tem-
perature.

The fractions of the different phases were obtained from analysis with
Match! 3® software, using Chrystallography Open Database [32] [33]. Table 1
includes the identification numbers of each crystalline phase. For maghemite,
the most intense peak, found at 26 35,86 °, corresponds to the hkl plane 311.
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Fig. 2. XRD patterns of the samples: (a) Fe304, (b) AgsPOy, (c) AgsPO4/Fe;04/y-Fe,0;.

The calculated crystallite sizes were: 54 nm for AgzPO4 and 18 nm for
Fe3;0,4 and for y-Fe,0s.

The formation of maghemite can occur as a consequence of the oxidation
of magnetite particles, according to Eq. (2) [34]. This process can occur at
room temperature [35], although it usually takes place more favourably in an
oxidizing environment above 200 °C, especially between 375 and 400 °C [36].

Fe;0, + Y2 0, — 3 y-Fe,05 )

The SEM image of the three materials are z43423 shown in Fig. 3.

From Fig. 3c it is observed that there is a coating of silver phosphate on the
magnetic material. Table 2 shows the elemental surface composition of
Ag;PO,/Fe;04/y-Fe, 05, depicted from SEM-EDX.

UV-vis absorption spectra of the studied catalysts are shown in Fig. 4.
Pure Ag;PO, absorbs solar energy with a wavelength shorter than approxi-
mately 500 nm. In contrast to pure AgzPO,, the absorption edge of Ag;PO4/
Fe;04/y-Fe;03 3434 and Fe;O4 generates red shift: Agz;PO4/Fe;04/y-Fe,03 3434
and Fe;0,4 also exhibit higher absorption in the visible region than the pure
Ag3PO4‘

The calculated bandgap (Eg) values of the different materials are shown in
Table 3.

The bandgap of Ag;PO, was 2.36 eV, which agrees with that reported by
other authors [37,38]. The bandgap of Fe;0, was the lowest (1.87 eV). This
value is similar to that reported by another author for the synthesis of Fe;O, at
pH 10 and at room temperature (1.76 eV)[39].

The hysteresis curves of the magnetic materials are shown in Fig. 6. For
magnetite and maghemite, the limit diameter from which nanoparticles present
a superparamagnetic behavior is around 20 nm [40], [41]. We observed that
the magnetization saturation is 43 emu-g~' for Fe;0, and 15emu-g~' for
AgzPO,/Fe;04/y-Fe,0;. The saturation magnetization was lower in the latter
material due to the presence of Ag;PO, in the shell, which reduces the
magnetic contribution of the Fe;O4. On the other hand, Ag;PO./Fe;04/y-
Fe,O; NPs show a relatively high saturation magnetization of 15emu-g~",
compared to that reported by other authors who employed only silver nitrate
for the synthesis of magnetic Ag NPs that presented only 1emu-g~' [35].

Other authors have reported saturation magnetization g values around
92 emu/g for magnetite and 74 emu/g for maghemite. These numeric values
are reported for massive materials of magnetite and maghemite [42].

4.2. Degradation experiment
The photocatalytic degradation of MB by 3434 Ag;PO4/Fe;0,4/y-Fe,03
under simulated solar irradiation at room temperature was investigated

(Fig. 5). For comparison, bare Fe;O, and Ag;PO, photocatalyst were also

Table 1
Identification numbers for XRD patterns.

Material Identification Number
Ag;PO, 96-210-6405
Fe;0, 96-900-5842
v-Fex03 96-900-6317

investigated. About 48% of MB was removed by 3434 AgzPO4/Fe;04/y-Fe,05
after 180 min irradiation. In contrast, pure AgzPO, exhibited the highest
photocatalytic activity: about 96% of MB was removed within 180 min under
simulated solar irradiation. Bare Fe;0, did not produce the photodegradation
of MB.

The apparent fist-order reaction rate constant for the degradation of me-
thylene blue was 0.0083 min~' for AgsPO4 and 0.0036 min~' for AgsPO4/
Fe;04/y-Fe,03. No photolysis was observed under the studied conditions.

For Ag;POy, other authors have reported an apparent reaction rate constant
of 0,0036 min~" and 22% degradation of a 25 mg-L™" MB solution in 1 h [37].
The difference between those data and the results obtained in the present study
can be attributed to the different synthesis methods employed in both studies.

Lastly, it is known that one of the mayor issues of the use of silver-based
catalysts is that they can exhibit high toxicity [43]. 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 [44].

For this reason, we determined the concentration of silver in water after the
photocatalytic processes when the following photocatalysts were used: bare
AgzPO, and 3434 AgzPO4/Fe;04/y-Fe,03;. We found that the lixiviation of
silver was high (83.41 mg~L_1) when bare Ag;PO, was used. However, for
2434 Ag3PO,/Fe;0,/y-Fe,0;, the release of silver was 240 ug-L™". This proves
that the presence of Fe;O, in the materials inhibits the release of silver to 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™" [45].

However further studies are needed to reduce even more the lixiviation of
silver from the photocatalysts.

4.3. Separation and reuse

The recyclability of the magnetic photocatalyst was investigated. The 3434
Ag;PO,/Fe;0,4/y-Fe,05 photocatalyst can be rapidly separated under an ap-
plied magnetic field in 20 s

Fig. 9 shows the recyclability of the 3434 AgzPO,/Fe;04/y-Fe,O5 for
photocatalytic degradation of MB. The degradation activity of 3434 AgzPO4/
Fe;04/y-Fe,05 decreased sharply only after 1 cycle. The decolouration effi-
ciency decreased to about 32%, 25%, 19% and 14% for the 2nd, 3rd,4th and 5th
degradation cycles, respectively.

Efficiency decreases with reuse, and it can be observed that the catalyst
darkens due to the photocorrosion of silver by irradiation. This occurs because
silver phosphate is slightly soluble in water, and silver ions can react with the
photogenerated electrons to form elemental silver [46].

5. Conclusions

In summary, we reported an investigation on the preparation and photo-
catalytic activity of a novel Ag;PO,/Fe;04/y-Fe,O5 photocatalyst.

AgzPO, was synthesised and satisfactorily supported over Fe;O423. The
photodegradation of 10 mg-L™" of methylene blue was achieved, although the
apparent reaction rate constant was slightly lower for the magnetic composite
than for the Ag;PO, alone. This is explained because the composite contained
47.8% of the active AgsPO4 material, as depicted form XRD studies.

Photocatalytic degradative activity on blue methylene organic pollutant
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Fig. 3. SEM Images of: (a) Ag;PO, (b) Fe;0, (c) AgsPO4/Fe;0,4/y-Fe,0s.

Table 2
Composition of Ag;PO, @Fe;0,.
Element Weight % Atomic % Error %
OK 38.97 71.81 11.71
PK 9.23 8.78 7.67
Fe K 20.63 10.89 7.56
AgL 31.17 8.52 6.87
3
2.5
2
1.5
1
0.5
200 300 400 500 600 700 800

nm

Fig. 4. UV-Vis absorption spectra of: (A) AgzPO,, (B) Fe30, and (C) AgzPO.4/Fe;0,/
v-Fe,03.

Table 3

Bandgap (Eg) values of the different studied materials.
Material E, (eV)
AgsPO, 236
Fe;0, 1.87
AgzPO4/Fe;0,/7-Fe, 05 1.90

under solar simulated irradiation was studied indicating its potential use in
water treatment applications.

The magnetic materials were recovered easily with a magnet. The sa-
turation magnetization was 43 emu-g~' for Fe;04 and 15 emu-g~' for AgsPO,/
Fe3;04/y-Fe,0;. The saturation magnetization was reduced due to the presence
of AgzPO, in the shell, which reduces the magnetic contribution of the Fe;Oy4.

Lastly, AgzPO4/Fe;04/y-Fe,05 could be reused three times with an effi-
ciency loss of 25%. It must be noted that the material was not washed or
treated between reuses. Future work must be aimed at the improvement of
materials to achieve a better stability of materials for their reuse.

This study will motivate new developments in photocatalysis and promote
their practical application in environmental problems.

’ /

/AgsPOJFe:O/v-Fezos

w

(F(Reo)hv)*/2

0
15 2 25 3 3.5 4

hv (eV)

Fig. 5. Bandgap energy (E,) determinations from the Tauc plot.
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-10000
Fig. 6. Hysteresis curves of: (A) Fe;04 and (B) Agz;PO4/Fe;04/y-Fe,0;.
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