Facile synthesis of Ag;PO,4 microcrystals and its enhanced photocatalytic disinfection
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Facile synthesis of silver phosphate (Ag;PO,) microcrystals was developed for the novel application in the disinfection of pathogens with
visible light. AgzsPO, microcrystals from different synthesis routes were produced and characterised by scanning electron microscopy and
UV-visible diffuse reflectance spectroscopy. The antibacterial activity of the Ag;PO4 microcrystals was also evaluated for its effectiveness
in eradicating pathogens (Escherichia coli and Staphylococcus aureus) under white-light light-emitting-diode irradiation. The prepared
Ag3zPO, microcrystals displayed higher and more stable photocatalytic antibacterial activity (>99% eradication rate within 10 min)
comparing to Ag" ions used only. This can be attributed to the oxidation of the photogenerated hole and the adsorption of Ag" ions. This
study demonstrated the strong photocatalytic activity of the as-prepared Ag;PO,4 microcrystals, promising for industrial applications related

to the eradication of pathogens from wastewater.

1. Introduction: Water pollution caused by pathogens posts a
serious threat to public health and combating this issue has been
progressed [1-4]. Traditionally, pathogens in water are eliminated
by chlorination, ozonation, and UV irradiation [5]. Although they
are the existing means to treat wastewater, they involve with the
use of hazardous chemicals and high energy input. In recent
years, a concept of using semiconductor-based photocatalysts
with the capability of degrading organic dyestuffs and eradicating
pathogens under light irradiation has been developed [4, 6]. A
heterogeneous photocatalyst, TiO,, is considered attractively
because it is widely used, low cost, non-toxicity, and high stability.
However, its inherited rapid electron—hole recombination rate
hinders its effectiveness in wastewater treatment in addition to
other issues such as its photo-instability and limited antimicrobial
ability [7]. Furthermore, TiO, has a wide bandgap of 3.2 eV,
which indicates its photocatalytic activity can only be activated
by UV light and is expected to perform inefficiently in sunlight
[8]. Thus, development of a stable visible-light-responsive photoca-
talyst will make an important impact in removing pathogens in was-
tewater. In 2010, AgzPO, was synthesised to demonstrate high
photocatalytic activity for O, generation from water and good
photodegradation of organic dyes under visible light [9]. Their
study showed ten folds of improvement in the photodegradation
rate of organic dyes by Ag;PO, over other visible-light-responsive
photocatalysts such as BiVO,4 and N-doped TiO,. Following this
discovery, many studies have been carried out on the synthesis
of Agi;PO, photocatalysts with different morphology and their
photocatalytic activity [10-19]. Among the studies conducted
on Ag;PO,, those investigating the photocatalytic disinfection
mechanism of AgzPO, are rare.

Herein, Ag;PO,4 microcrystals were produced by a sonochemical
procedure (20 kHz, 600 W for 30 min) with or without a hydrother-
mal condition (180°C for 24 h) and their photocatalytic activity was
examined. The photocatalytic antibacterial activity of the
as-prepared AgzPO, microcrystals was assessed according to their
ability to disinfect Escherichia coli (E. coli) and Staphylococcus
aureus (S. aureus) under low-power white-light light-emitting-
diode (LED) irradiation (5 W). Finally, the possible photocatalytic
mechanisms of pathogen disinfection using the AgzPO, microcrys-
tals were also examined.

2. Experimental
2.1. Preparation: All reagents used were of analytical grade and
without further purification. Ag;PO, microcrystals (S0) were
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prepared using a sonochemical method alone. The typical
preparation was as follows: Two solutions, 0.28 mM of AgNOj;
(45 ml) and 0.84 mM of NazPO, (5ml), were sonicated in a
beaker at room temperature by immersing a high-frequency
ultrasonic probe (Misonix, Inc., Farmingdale, NY, USA:
XL-2020, 20 kHz, 600 W) directly in the solution. After 30 min
of sonification, the precipitates were filtered and washed three
times with deionised water and ethanol before they were dried in
a desiccator at 50°C for 8 h. Ag;PO, microcrystals (S1) were
prepared with a combination of a sonochemical and hydrothermal
method. AgNO; (0.28 mM) was dissolved in 45 ml of deionised
water. The Na3;PO, solution (0.84 mM, 5 ml) was then added to
the preceding solution under sonification at room temperature.
After 30 min of sonication, the resulting mixture was transferred
to a 50 ml Teflon-lined stainless steel autoclave. Hydrothermal
synthesis was performed at 180°C for 24 h in an electric oven.
The reaction mixture was allowed to cool at 25°C. The
precipitates were filtered and washed with deionised water and
ethanol for three times before they were dried in a desiccator at
50°C for 8 h.

2.2. Characterisation: A HITACHI S-4800 scanning electron
microscope (SEM) (Hitachi High-Technologies Corporation,
Tokyo, Japan) operating at 15kV was used to observe the
morphologies of the AgzPO, microcrystals. A SMART APEX II
X-ray diffractometer (Bruker AXS, Billerica, MA, USA) with Cu
Ko radiation (A=0.15418 nm) was used to determine the
crystalline phases of the Ag;PO, microcrystals. An Evolution
2000 UV-Vis spectrometer (Thermo Fisher Scientific Inc.,
Madison, WI, USA) with BaSO, bulk material as the reference
material was used to find the UV-visible diffuse reflectance
spectra (UV-vis-DRS) of the Ag;PO,4 microcrystals.

2.3. Photocatalytic antibacterial activity: E. coli (CV514) and
S. aureus (wild) were used as gram-negative and gram-positive
bacterial modes, respectively, in the evaluation of the antibacterial
activity of the AgzPO,4 microcrystals (SO and S1) based on a
previously described procedure [20-22]. The microbes were
cultured at 37°C in a Luria—Bertani (LB) medium. The microbes
were then separated and washed by centrifugation and finally,
they were re-suspended in the LB medium with a concentration
of 10°cfu/ml. In each antibacterial test, 50 ml of bacterial
suspension was added to 5 mg of solid Agz;PO,4 microcrystals and
the mixture was kept under a low-power white-light LED
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irradiation (5 W) or in the dark with a continuous stirring. For
evaluation, the disinfection efficiency, 100 ul of the suspension
was removed at fixed time intervals, then diluted to 10>cfu/ml
with the LB medium and incubated at 37°C for 24 h. The number
of cells was determined by counting the colonies formed on the
plate. At the end of each experiment, the concentration of silver
ions in the solution was determined using the atomic absorption
spectrophotometer (GBC scientific equipment, Braeside, VIC,
Australia).

2.4. Scavenger test: The procedure for counting photo-generated
holes was similar to that adopted in the photocatalytic
antibacterial activity experiment [20-24]. Hole scavengers
(EDTA, 10.0 uM) were added to the bacterial solution prior to
the addition of the Agz;PO,4 microcrystals.

3. Results and discussion: Fig. 1 shows the SEM images of the
Ag3;PO,4 microcrystals from two different synthetic routes and
they reveal notable differences in the morphology and size of
particles. The Ag;PO, microcrystals (S0) appear as small
quasi-spherical-like structures (Fig. la). During the AgzPOy,
sample (S0) preparation, the solution turns turbid after 5 min of
sonication. No diffraction peaks were observed from XRD
analysis, suggesting the amorphous nature of Ag;PO,
microcrystals produced from a brief sonication. After an extended
sonication to 25 min, yellow precipitates began to form. These
results strongly suggest the crystallisation of amorphous Ag;POy,
samples. Fig. 1o shows that the main diffraction peaks for the
prepared AgzPO, microcrystals (S0) can be primarily indexed to a
body-centred cubic structure (JCPDS Card No. 06-0505). As the
time of sonication is extended and the concentration of particles
increases, more particles can collide with sufficient energy
provided by sonication and aggregate into bigger particles. In
addition, the mass transport in turbulent mixing can be improved
by sonication, leading to the formation of the final products with
quasi-spherical-like morphology [23]. For Ag;PO, microcrystals
(S1) produced by the combination of 30 min sonication and a
subsequent hydrothermal treatment, the further growth is found.
The hydrothermal process provided energy for the Agz;PO, to
produce large crystalline microcrystals with quasi-spherical-like

intensity, a. u.

Fig. 1 SEM images and XRD spectra of Ag;PO, synthesised under
sonochemical process (600 W) at 25 kHz for 30 min

a, b Without and

¢, d With the hydrothermal process at 180°C for 24 h. Scale bar: (a) 20 um
and (c) 10 um
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shape [23]. Therefore, the Ag;PO, microcrystals (S1) were
composed of quasi-spherical-like structures with a diameter of
4.5+1.7 um (Fig. 1b). According to the main diffraction peaks
(Fig. 1d) and Joint Committee on Powder Diffraction Standards
06-0505, the crystalline phase of the prepared AgzPO4 (S1) is
also a body-centred cubic structure, indicating that the
hydrothermal procedure has no influence on the crystalline phase
of the AgzPO, microcrystals. The UV-vis-DRS spectra of the
Ag3;PO, microcrystals shown in Fig. 2 reveal that the yellow
Ag;PO,4 microcrystals absorbed both UV and a major part of
visible light. The data also show a linear correlation between the
square root of the absorption coefficient ((ahv)*>) and incident
photon energy (4v), which strongly suggests the absorption edges
of all the Ag;PO,4 microcrystals were due to indirect transitions
(inset in Fig. 2). The corresponding energy bandgaps (E,) of the
AgsPO,4 microcrystals were determined from the x-axis intercept
of the curve tangent in the plot of (ahv)®® versus hv (inset in
Fig. 2) [22, 25]. The estimated bandgaps for SO and Sl
microcrystals were 2.41 and 2.36 eV, respectively.

The photocatalytic antibacterial activity of SO, S1 and Ag" ions
toward was evaluated under the light and dark conditions. In the
absence of the Ag;PO, microcrystals and Ag" ions, the count of
both bacterial strains did not change under both conditions as
shown by the black curve in Fig. 3. The red and green curves in
Figs. 3a and c reveal the antibacterial activity of SO and S1 in the
dark and within 15 min they reduced the amount of E. coli by
97.9 and 64.8%, respectively. It is well-known that the antibacterial
activity of Ag nanoparticles is caused by the release of Ag" [26, 27].
The results presented in Fig. 3 (blue curve) prove that Ag" ions
(0.075 mM) possessed antibacterial activity toward E. coli and
S. aureus and encouragingly SO and S1 are found exceeding the
performance of Ag" ions in disinfection under the white light irradi-
ation. Because SO with a low degree of crystallinity, it is facile to
release Ag' ions from the Ag;PO, microcrystals into the LB
medium [20]. Therefore, compared to S1 (E. coli: 0.055 mM,
S. aureus: 0.048 mM), the concentration of Ag' ions released
from SO (E. coli: 0.073 mM, S. aureus: 0.077 mM) are higher, pro-
moting the intrinsic antibacterial activity of SO.

Compared with the dark condition, SO showed no improvement
in the disinfection activity under white-light LED irradiation (red
curve in Figs. 3b and d). This may be because Ag" ions are the
major species involved in the eradication of bacteria for SO
through solubility product equilibrium. The green curve in
Figs. 3b and d indicates the photocatalytic antibacterial activity of
S1 under white-light LED irradiation. In the presence of SI,
>99% of both bacterial strains was eradicated within 10 min.
Thus, S1 exhibited excellent light-enhanced disinfection ability.
This may be because photogenerated holes are reactive with bacter-
ial membranes and cause significant damage to bacteria [26]. The
photocatalytic induced damage to the bacterial membranes
enhanced the intake of Ag+ to live bacteria and, as a result, inhibited
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Fig. 2 UV—vis-DRS spectra of SO and S1. Inset: (ahv)®’ versus hv of the
corresponding microcrystals
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Fig. 3 Survival rate (%) of E. coli

a In the dark and

b Under white-light LED irradiation without and with microcrystals (SO, S1
and Ag* ions); S. aureus

¢ In the dark and

d Under white-light LED irradiation without and with microcrystals (S0, S1
and Ag" ions). Each data point and error bar represent the mean and standard
deviation (n=3), respectively

enzyme functions and led to the death of bacteria. The residual con-
centration of Ag' ions after photolysis was measured through
atomic absorption spectroscopy. When S1 was used, the concentra-
tion of Ag" was 90.1 and 85.6% lower after application to E. coli
and S. aureus, respectively, much larger decrease than the results
when only Ag" was used (E. coli: 38.7%, S. aureus: 24.1%).
Furthermore, a hole-scavenger test was performed. In the presence
of the hole scavenger, the photocatalytic antibacterial activity of S1
under white-light LED irradiation decreased to 61.9 and 77.5% for
E. coli and S. aureus, respectively. Therefore, S1 possesses light-
enhanced disinfection activity. On the basis of these results, the
photocatalytic disinfection mechanism of the AgzPO,4 microcrystals
(S1) is presented. Photogenerated holes are reactive and nonselect-
ive oxidants that can damage bacterial membranes effectively.
Because of the initial damage to bacterial membranes, numerous
Ag" released from AgsPO, microcrystals are able to be absorbed
by bacteria, inhibiting the bacteria’s enzymatic functions and en-
hancing bacteria death.

4. Conclusion: Ag;PO, microcrystals were synthesised using a
combination of sonochemical and hydrothermal processes.
AgzPO,4 microcrystals (S1) exhibited light-enhanced disinfection
activity (>99% eradication of E. coli and S. aureus within
10 min) due to their ability to cause oxidative damage to the
bacterial membrane from photogenerated holes and the absorption
of Ag" under white-light LED irradiation. This study
demonstrated the potential of the Ag;PO, microcrystals (S1) in a
wide variety of industrial applications for the elimination of
pathogens from wastewater.
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