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This study reports the successful synthesis of WO3-Ag-AgCl films on glass substrates using a simple and cost-
effective ultrasonic spray-pyrolysis/photoreduction method, intended for use in continuous flat plate photo-
chemical reactors. A central composite design was used to optimize the amounts of WO3 and AgCl deposited on
the substrate. The films synthesized under varying conditions exhibited heterojunctions of WO3 and AgCl, whose
photocatalytic efficiency, assessed by the removal of the model contaminant acetaminophen (ACT) under
continuous flow, was greatly influenced by the amount of AgCl deposited on the substrate, while that of WO3 had
a minimal impact on ACT removal. The film with WO3:AgCl molar ratio of 1.84 showed exceptional stability over
20 h of continuous operation, with only a 4 % reduction in contaminant removal. Additional tests using a real
pharmaceutical effluent spiked with ACT confirmed the high (>92 %) ACT removal of this film formulation and
its stability; further tests indicated *OH and O3~ as the primary reactive species involved in the photodegradation
reaction. Overall, these findings offer promising and cost-effective alternatives for synthesizing highly stable
WO3-Ag-AgCl films that are efficient in treating real pharmaceutical effluents containing emerging contaminants

using sunlight.

1. Introduction

Every year, a large number of pharmaceutical products are detected
in sewage treatment plant effluents, pharmaceutical effluents, surface
water, groundwater and even drinking water, at concentrations ranging
from ng L™! to mg L 1. This is a result of the inefficiency of conventional
treatment processes to completely eliminate these contaminants and is
consequently a significant cause for concern, as these pharmaceuticals
can have biological activity and exhibit persistent physicochemical
properties, which can be harmful to human health and aquatic life [1,2].

Among the different approaches studied to remove pharmaceutical
compounds from polluted wastewater, advanced oxidation processes
(AOPs), especially photocatalysis, have been identified as some of the
most effective treatment technologies. This is due to their high phar-
maceutical removal efficiency and flexibility of application [3]. Photo-
catalytic processes have shown that various semiconductors, including
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TiOs, BipO3, ZnO and WO3, are effective in degrading pharmaceuticals.
Tungsten trioxide, in particular, is of great interest due to its desirable
properties, including a narrow energy band gap (ranging from 2.4 to
2.8 eV) and stable chemical and photochemical properties [4-6]. How-
ever, the photocatalytic activity of WOs3 is extremely affected by the
large recombination of photogenerated charge carriers. Various
methods have been applied to increase the photocatalytic efficiency of
WO3 consisting of modifications to its structure, including the incorpo-
ration of metals and nonmetals into its crystal lattice; introduction of
foreign elements as dopants in its interfaces; and combinations with
other semiconductors in heterojunctions [5,7]. In this direction, silver
and silver-based materials are good options due to their affordability,
strong absorption of energy in the visible spectrum, and ability to
enhance photocatalytic performance. Various silver-based materials,
such as Ag,S, AgoWO4, AgsPO4, AgoM004, Ag2CO3, and AgX (where X =
Cl, Br, and I), have been used as photocatalysts. AgCl, in particular, is

E-mail addresses: pri.palharim@gmail.com (P.H. Palharim), acscteix@usp.br (A.C.S.C. Teixeira).

https://doi.org/10.1016/j.jece.2024.112895

Received 30 December 2023; Received in revised form 4 April 2024; Accepted 24 April 2024

Available online 25 April 2024
2213-3437/© 2024 Elsevier Ltd. All rights reserved.


mailto:pri.palharim@gmail.com
mailto:acscteix@usp.br
www.sciencedirect.com/science/journal/22133437
https://www.elsevier.com/locate/jece
https://doi.org/10.1016/j.jece.2024.112895
https://doi.org/10.1016/j.jece.2024.112895
https://doi.org/10.1016/j.jece.2024.112895
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jece.2024.112895&domain=pdf

P.H. Palharim et al.

noteworthy for its excellent ability to absorb visible light effectively
[8-13]. However, its strong photosensitivity leads to a continuous
reduction of Ag™ to metallic Ag® when exposed to light, which com-
promises the lifetime and stability of AgCl as a photocatalyst. Thus,
coupling it with other semiconductors, such as WOs, is an attractive
alternative to circumvent this problem and effectively inhibit the
recombination of photogenerated carriers. At the same time, the pres-
ence of silver particles in the material can enhance the absorption in the
visible range, resulting in efficient materials with greater stability and
photocatalytic activity [12-15].

Current photocatalysis research has focused primarily on powdered
materials, whose use presents notable technological drawbacks. They
include (i) the need for downstream operations of collection and sepa-
ration, (ii) catalyst agglomeration at high loadings, and (iii) undesirable
light scattering. Such issues lead to decreased efficiency, higher costs,
and engineering challenges in process design [16]. To overcome them,
the use of immobilized catalysts, particularly in the form of thin films,
have gained significant attention due to the possibility of tuning their
composition and structure by a careful control of the processing condi-
tions. Moreover, immobilization facilitates catalyst recovery and reuse,
resulting in a more sustainable process [17].

Another advantage of immobilization is the easy integration with
continuous reactors. Continuous flow reactors are seen as a promising
solution for implementing photocatalysis in real-world industrial facil-
ities. This is due to the fact that large-scale industrial applications
require steady-state processes capable of handling a significant volume
of liquid, which is neither practical nor cost-effective with the use of
batch or semi-batch operations [16]. However, most studies on thin film
photocatalysts have tested their performances only in batch operations,
and thus some important characteristics for continuous processes — such
as the adhesion of the catalyst to the substrate after exposition to the
continuous flow — are overlooked [18,19]. Therefore, testing immobi-
lized photocatalysts in continuous flow reactors is crucial to under-
standing their efficiency in conditions closer to real-world
environments.

The techniques used to deposit photocatalysts onto substrates are
classified as chemical or physical, with chemical methods being
particularly preferred for their cost-effectiveness, capability for large
area and uniform deposition, and lower required reaction temperatures.
This category includes methods such as sol-gel, hydrothermal, chemical
bath deposition, chemical vapor deposition, electrodeposition and spray
pyrolysis (SPT) [20]. SPT stands out as a popular method for the
deposition of a wide range of films, not only because of its simplicity, but
also because this technique does not require the use of high-quality
targets, allowing for the consistent deposition of layered and compos-
ite films. This enables easy control of film thickness by optimizing the
synthesis parameters [20]. Similarly, ultrasonic spray-pyrolysis (USP) is
a technique based on the generation of droplets induced by ultrasonic
waves, which allows the deposition of films less than 20-um thick on
average. USP is associated with low maintenance and energy con-
sumption costs, simplicity, continuous operation, high deposition rate
and high stability of the prepared films [21]. In recent years, SPT has
been used with various materials, including WOs-based catalysts [17,
22-24]. On the other hand, USP has mainly been used to synthesize WO3
in powder form [25-27], while the synthesis of thin films has not yet
been widely explored [28,29].

Despite this interest in WOs-based immobilized materials, most
studies applied exclusively pure WOs3, without any additional materials
or composites that could improve its photocatalytic performance.
Furthermore, the synthesis of photocatalysts is generally not guided by
an experimental design aimed at obtaining optimal synthesis conditions.
To the best of our knowledge, all these studies have exclusively
employed batch systems which are inherently restricted by the limita-
tions mentioned above. To date, research on WOs-based films is mainly
concentrated in the fields of electronics or photoelectrocatalysis [23,
30-33]. Moreover, there seems to be no reports on the photocatalytic
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degradation of pharmaceutical products in a continuous flow reactor
using these catalysts. This stresses the need for research aimed at opti-
mizing WO3-based catalysts through composites and assessing their ef-
ficiency in continuous flow reactors for real-word applications, like
pharmaceutical wastewater treatment.

Therefore, in this work, we synthesized, for the first time, WO3-Ag-
AgCl photocatalysts immobilized on glass substrates by means of a
simple and low-cost ultrasonic spray-pyrolysis coupled with photore-
duction. The substrates were then used in a continuous microstructured
flat plate reactor, operating under UV-vis irradiation. Acetaminophen
(ACT) was used as a model contaminant to evaluate the photocatalytic
activities of the synthesized materials. A central composite design was
applied to evaluate the effects of the amounts of WO3 and AgCl depos-
ited on the substrate on the photodegradation of the model contaminant.
Finally, the immobilized material that showed the best photocatalytic
activity in ultrapure water containing ACT was tested using an effluent
from a pharmaceutical industry to confirm its performance in a more
realistic scenario.

2. Materials and methods
2.1. Materials

Acetaminophen (CgHgNO,, CAS 103-90-2, HPLC standard, > 99 %),
metallic tungsten powder (W, > 99 %), silver nitrate (AgNOs, ACS, PA),
and absolute ethanol (CH3CH20H, > 99.8 %) were acquired from Sigma-
Aldrich (Brazil). Sodium chloride (NaCl), hydrogen peroxide (H3Oo,
35 %), acetone, ethanol (70 %), formic acid, tert-butanol (TBA), 1,4-hy-
droquinone, potassium iodide (KI) and sodium azide were of analytical
grade. All reagents were used without any further purification. Ultra-
pure water (18.2MQ cm) from a Milli-Q® system (Millipore) was used
to prepare all the solutions. Soda-lime glass slides (76 x 26 x 1.2 mm)
(Precision) were used as substrates for the films.

2.2. Photocatalyst preparation

The materials were synthesized using the ultrasonic spray-pyrolysis
+ photoreduction method, as summarized in Fig. la. First, a
0.5 mol L™ -solution of peroxotungstic acid (PTA) was prepared by
mixing 4.59g of tungsten powder with 50mL of 35% hydrogen
peroxide in an ultrasonic bath for about 2h or until the powder was
completely dissolved, yielding a transparent solution. According to Eq.
1, the predominant peroxytungstate in the acid solution is W,0% or
[(O)W(Og)z(O)(Oz)ZW(O)]2’, where the (O2) refers to the peroxide
ligand [32].

2W + 10H,0,—» W, 0% +2H" +9H,0 @

The PTA solution was then transferred to a flat-bottomed flask
coupled to a Vigreux fractionation column and kept on a hot plate at 100
°C, with constant stirring, for about 4 h, until the solution became pale
yellow. The solution was subsequently mixed with absolute ethanol to
reach 0.05 mol L™}, and different volumes of this solution were depos-
ited onto one face of a soda-lime glass slide (26 x 76 mm) by ultrasonic
spray-pyrolysis. The glass slides were previously cleaned by immersion
in a solution of Extran (20 %) and kept in an ultrasonic bath for 15 min;
the same procedure was repeated with acetone, ethanol (70 %) and ul-
trapure water, followed by oven-drying at 80 °C. In the deposition step,
the glass slide was placed on a hot plate at 90 °C and two ultrasonic
nebulizers (Mist sprayer, model YQ8001) were positioned at 10 cm from
the substrate (x and y directions), at an angle of 45°, according to Fig. 1a.
The deposited substrate was then placed in an oven and heated to 450 °C
at a rate of 10 °C min ™. The slides were kept at this temperature for 3 h
to ensure the formation of WOs.

The deposition of AgCl started from aqueous solutions of NaCl and
AgNOs of different concentrations and the glass slide already coated
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Fig. 1. — a) Schematic diagram of the ultrasonic spray-pyrolysis/photoreduction synthesis procedure; b) Schematic diagram of the photocatalytic apparatus.

Table 1
Central composite design for the preparation of WO3-Ag-AgCl films.
Points Codified values Real variable levels Expected WO3:AgCl  Schematic illustration
Film  X; (codified X, (codified mmol of mmol of (molar ratio)
mmol of WO3) mmol of AgCl) WO3 AgCl
Factorial 1 -1 1 1.59 0.86 1.84 /I\
2 1 1 4.41 0.86 5.13 X,
3 -1 -1 1.59 0.16 9.94 1 (0,V2)
4 1 -1 4.41 0.16 27.56 &
Axial 5 0 V2 3.00 1.00 3.00 (-1, 1) | (1,1)
6 V2 1.00 0.51 1.96 a 1 2 )
7 3 0 5.00 0.51 9.80 T : i
8 0 V2 3.00 0.01 300 |
Central 9 0 0 3.00 0.51 5.88 |
% 0 0 3.00 0.51 5.88 (-v2,0) | (vV2,0)
9 0 0 3.00 0.51 5.88 L e e
0 \ 7
. 1
|
I
|
3 : 4
('11 '1) | (11 '1)
8
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Fig. 2. - a) XRD patterns for the Films 1-9 synthesized using the central composite design (Table 1); b) Raman spectra of the Films 1, 8 and bare WO3; ¢) Survey XPS
spectra of the bare WO3 and Film 1; d) XPS spectra of W 4 f, O 1's, Ag 3d and Cl 2p.

with WOs. The slide was placed on a hot plate at 100 °C, and was ul-
trasonically sprayed simultaneously with both NaCl and AgNOj3 solu-
tions, 5 mL of each, as shown in Fig. 1a. Finally, the substrate containing
WO3-AgCl was irradiated with an UV-C lamp (245 nm; 1.0 mW cm %)
for 15 min to partially photoreduce the silver of the AgCl particles,
resulting in WO3-Ag-AgCl films. The amounts of WO3 and AgCl, i.e., the
number of moles of ethanolic PTA and the expected number of moles
formed of AgCl deposited on the substrate, were varied using a central
composite design to investigate the optimum conditions for the synthesis
of materials with regard to the removal of the model pollutant. Pre-
liminary tests were carried out to study the ranges of each variable to be
used, and Table 1 shows the final ranges used in this work, with the
expected molar ratio of WO3:AgCl.

2.3. Characterization techniques

Scanning electron microscopy (SEM) was carried out with a Vega 3
LMU Tescan instrument at 5 and 20 kV. Atomic force microscopy (AFM)
tapping mode technique was carried out on a SPM Bruker equipment,
model NanoScope IIIA; topography images were acquired on a surface
area with dimensions 5pum x 5pum, and the mean grain size was

observed by ImageJ® image processing software. X-ray diffraction
(XRD) was conducted using a D8 Focus Bruker AXS system with a Cu K-
radiation source and Ni filter operating at 20 kV and 40 mA. A Thermo
Scientific K-Alpha photoelectron spectrometer with an Al Ko X-ray
source and a pressure of 1x107% mBar was used to carry out X-ray
photoelectron spectrometry (XPS). For UV-vis diffuse reflectance spec-
troscopy (UV-vis DRS), a Shimadzu 2550 spectrophotometer was used,
while an inVia confocal Raman microscope was applied for the Raman
analyses. Mott-Schottky measurements were performed on a Bio-Logic
SP-200 electrochemical workstation with a three-electrode cell at
room temperature. The samples for these measurements were prepared
in the same way as in the catalyst synthesis procedure, but using an FTO
substrate of around 1 cm?, which acted as the working electrode; the
counter electrode was Pt wire and the reference electrode was an Ag/
AgCl electrode (in saturated KCl). The experiments were performed in
the dark using a 0.5 mol L™! NaySO, solution, in the potential range
—1.0 to 1.0 V (vs. Ag/AgCl), at a frequency ranging from 5 to 10 kHz.
Inductively coupled plasma optical emission spectroscopy (ICP-OES)
was performed using a Horiba spectrometer, model Ultima Expert Dual.
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Fig. 3. - SEM elemental mapping images of Films 1-9 synthetized under different conditions according to the central composite design (Table 1). The insets represent
lateral SEM images of the synthesized films with the thickness measurement. The scale bars of the main images are equal to 10 um and those of the insets are equal
to 5 um.

Table 2

Calculated parameters of the immobilized WO3-Ag-AgCl films.
Film  Expected WO3:AgCl molar  Mean grain size RMS roughness’ Total surface area Film thickness WOj3 particle size Ega Ego

ratio (nm) (nm) (cm®) (um) (um) (eV) (eV)

1 1.84 249 £5.1 4.6 19.8 28+1.3 1.3+0.8 2.76 3.58
2 5.13 44.1 + 8.7 3.2 19.8 32107 27 +1.0 - 3.71
3 9.94 18.6 £ 4.3 9.5 20.2 2.8+0.7 24+1.1 2.81 3.64
4 27.56 15.3 £3.9 5.3 20.1 53+24 1.9+1.0 2.71 3.58
5 3.00 22.8 £6.1 4.9 19.8 3.8+1.3 22+1.0 - 3.63
6 1.96 8.4+26 1.7 19.8 1.9+05 21+09 - 3.70
7 9.80 3.7+0.8 2.6 20.3 22+0.6 1.7 £0.9 2.73 3.61
8 300.00 16.6 £ 3.2 28.4 25.5 3.2+09 21+0.8 2.70 —
9 5.88 149 £ 1.4 26.9 25.3 2.0+ 0.6 22+1.1 - 3.70

'Root mean square (RMS) roughness; 2Eg values with “—* indicate that the respective Tauc plot did not allow the calculation.
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2.4. Photocatalytic activity assays

The photocatalytic activity of the synthesized materials was evalu-
ated using acetaminophen (ACT) as a model pollutant. The experiments
were conducted in a microstructured continuous flat plate photochem-
ical reactor, with a capacity of 3 mL, prototyped in ABS by Fused Fila-
ment Fabrication, as described elsewhere [34]. The glass substrate
containing the immobilized catalyst was placed in the reactor such that
the coated surface was kept in contact with the ACT solution flowing
inside the reactor, and then sealed, as indicated in Fig. 1b. Next, a sy-
ringe filled with ACT at 5 mg L™ was used to feed the reactor using a
precision syringe pump (11 Elite, Harvard Apparatus Ltd. Holliston, MA,
USA). Initially, the experiments were conducted under dark conditions
for 45 min and with a volumetric flow rate of 10 mL h_l; then, the
reactor was exposed to UV-vis irradiation and ACT was fed at
1.5 mL h™?, corresponding to a space time of approximately 120 min.
Irradiation was provided by a high-power metal halide lamp (400 W
HPI-T, Phillips Co.), which covers the entire range of the solar spectrum,
mounted on a parabolic reflector and positioned 15 cm from the reactor
surface. A spectroradiometer (Luzchem, SPR-4002) was used to measure
the UV-A irradiance (300-400 nm) in the reactor window, set at
~4.6 mW cm ™2, the equivalent output of the standard AM 1.5 G solar
spectrum at sea level [35] in the same wavelength range. Samples were
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collected at the reactor outlet and analyzed by high-performance liquid
chromatography (HPLC). ACT concentration was quantified using a
Shimadzu LC20 HPLC chromatograph equipped with a C18 column
(Prominent) and a UV-vis detector (SPD20A). The mobile phase was
methanol:water (25:75), with a flow rate of 1.0 mL min_l, oven tem-
perature at 35 °C, and injection volume of 50 pL. The retention time was
approximately 7 min, and the detection wavelength was 243 nm. The
limits of detection and quantification for ACT were 0.08 mg L' and
0.24 mg L7}, respectively.

3. Results
3.1. Phase structure

The XRD diffractograms in Fig. 2a show well-defined peaks, indi-
cating the high crystallinity of the synthesized WO3-Ag-AgCl films. All
films exhibit a broad band around 26 = 20° to 35°, assigned to the
amorphous glass substrate. The XRD patterns show peaks that corre-
spond well to JCPDS Card Nos. 00-043-1035, 01-071-0292 and
96-901-1667 of the monoclinic WO3, tetragonal W5014 and cubic AgCl
phase, respectively. The WO3 peaks referring to the crystalline planes
(002), (020) and (220) show higher intensities for the films synthesized
with higher amount of WOsg, i.e., more than 3 mmol of WO3 deposited.

5
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Fig. 4. - Photocatalytic performances under UV-vis irradiation of the Films 1-9 synthesized according to the central composite design (Table 1), quantified as the
steady-state percentage removal of acetaminophen ([ACT]o = 4.91 + 0.79 mg L™1). Each cycle is equivalent to a space time of 120 min.



P.H. Palharim et al.

With the exception of Film 8, synthesized with the lowest amount of
AgCl, all the other films show peaks at 27.8°, 32.3° and 46.2°, which
correspond to the (111), (002) and (022) crystalline planes of AgCl. In
some diffractograms, especially for Films 1, 2, 3, 5 and 9, the peaks were
slightly shifted, which is likely due to the occurrence of a uniform strain
over the lattice [36], as a consequence of the contact of the multiple
phases present in the solid system.

3.2. Surface properties

Fig. 2b displays the Raman spectra of a bare WO3 film, and Films 1
and 8, which showed the best and worst photocatalytic performances,
respectively, as discussed later. Five characteristic peaks of WO3 at 272,
326, 714, 805 and 946 cm~! could be identified in all samples. The
peaks at 714 and 805 cm™! are attributed to the W—O—W stretching
vibration mode (W((O—W—-0)), while the peaks at 272 and 326 cm!are
induced by the bending vibration of W—0—W (§(0—W-0)) [37]. The
peak at 946 cm‘l, assigned to the W—0 bond [38], becomes larger as
the amount of AgCl deposited increases (Film 1). Capeli et al. [39] stated
that the increase of Ag concentration in WO3-Ag materials synthesized
by hydrothermal method also led to changes in the region characterized
by the stretching vibrations of the W=0 bond at 946 cm ™! and of the
W-O bond at 921 cm™!. The peak at 773 cm™!, however, disappeared
when AgCl was coupled to WO3 (Films 1 and 8), a behavior similar to
that of WO3-AgCl photocatalysts synthesized by Yu et al. [12]. As the
amount of AgCl, and hence of silver particles, is higher in Film 1,
shoulders referring to the silver vibration could be identified at around
152 cm™ ! for the Ag lattice vibrational mode [40] and at 238 cm! for
the Ag—O stretching mode [41]. Another Raman band, at 437 cm’l,
more evident for Film 1, can be attributed to the W>*=0 bond. The
appearance of W™ indicates that oxygen vacancies were formed during
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the calcination process [42-44]. These variations in the characteristic
peaks imply that the presence of AgCl in the photocatalyst has altered
the chemical environment of WO3 [12].

The surface composition and chemical states of the bare WO3 and
Film 1, evaluated by XPS analysis, are depicted in Fig. 2¢-d. The data
were fitted to the C 1 s position at 284.8 eV. The typical survey XPS
spectrum (Fig. 2¢) reveals the presence of tungsten and oxygen in both
samples, while the Na peak comes from the sodium chloride precursor
used in photocatalyst synthesis. The high resolution XPS spectrum of W
4 f shows the W 4f;/» and W 4f5 5 doublet. The presence of the shoulder
in the W 4f spectrum for Film 1 indicates the appearance of both W+
and W>" states, with oxygen vacancies [15,45], which is not observed
for bare WOs3.

For the O 1 s spectra, the peak at higher binding energy, at 536.9 and
at 535.8 eV for bare WO3 and Film 1, respectively, can be attributed to
the sodium KLL Auger, which usually appears at around 536.0 eV [46,
47]. Note that glass slides were used as substrates, which contain sodium
in their composition. When glass is exposed to electrons with higher
energy levels, Na can be diffused into the bulk or across the surface
outside the irradiated area. Thus, glass materials might display higher
sodium concentration on their surface as a result of diffusion mecha-
nisms [47]. Since bare WO3 contains a relatively thin layer of material
on the glass substrate, and X-rays can penetrate quite deeply [47], this
may explain the intense Na KLL auger peak for this material. Finally, the
O 1 s spectrum of the bare WO3 could be deconvoluted into peaks that
can be assigned to the Na KLL auger, the C—O bond, and the O—W bond
of the WOs lattice [39]. The peak corresponding to the C—O bond may
come from the adventitious carbon detected in the survey spectrum
[39]. Regarding the O 1 s spectrum of Film 1, only the Na KLL auger and
the OH™ bond, from adsorbed or interstructural water molecules, could
be assigned [39].
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Fig. 5. - a) Response surface; b) Associated contour plot, ¢) Pareto chart of the statistical analysis using the central composite design (Table 1); d) Stability test using
Film 1, where each cycle is equal to a space time of 120 min of continuous ACT flow; e) Effect of water matrices in photocatalytic assays using Film 1, after one cycle
of space time equal to 120 min; f) Effect of radical scavengers using Film 1, after one cycle of space time equal to 120 min. ([ACT]o = 4.91 + 0.79 mg L~!; continuous

flow under space time = 120 min; UV-vis irradiation).
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The high resolution spectrum of Ag 3d reveals the presence of the Ag
3ds/» and Ag 3ds/; peaks, at 373.0 and 367.1 eV, respectively, which
could be further deconvoluted into the Ag"™ and Ag® peaks [39]. Finally,
for the Cl 2p spectrum, the main peak observed at 201.0 eV can be
attributed to Cl 2p;/o; while a slight shoulder in this peak could be
assigned to Cl 2ps,» [48].

3.3. Morphology

The SEM images (Fig. 3) and Table 2 indicate that the synthesized
films exhibit thicknesses varying from 1.9 to 5.3 um, which depend on
the particle size and their agglomeration on the substrate surface. Fig. 3
shows that the film surface has flat plates and deformed nearly-spherical
particles, addressed to WOs3 (in green), covered with small clustered
spherical particles, identified as AgCl (in pink). The observed close and
strong contact between the WO3 and AgCl particles suggests the for-
mation of a heterojunction between the materials. As the number of
moles of deposited AgCl increased, the WO3 became more covered by
AgCl, as expected. Clearly, Film 8 (Fig. 3h), synthesized with the lowest
amount of AgCl, shows almost no AgCl particles; while in Film 5
(Fig. 3e), synthesized with the highest amount of AgCl, WOs is almost
completely covered by AgCl particles.

At the same time, the higher the amount of WO3 deposited, the more
cracked plates and the less spherical particles were formed. For example,
Films 1, 3 and 6 (Fig. 1a, c and f, respectively), synthesized with 1.00 (6)
and 1.59 (1 and 3) mmol of WO3, show the highest number of spherical
particles among all films. The diameters of the spherical WO3 particles
are in the range of 1.3-2.7 um (Table 2). This difference in the
morphology of WO3 particles can be explained by the relationship be-
tween the substrate temperature and the initial droplet size. When the
droplets leave the ultrasonic spray, some evaporation occurs, forming
precipitates that reach the substrate, where decomposition occurs. If the
substrate temperature is sufficiently high, the droplets evaporate before
contact, resulting in the formation of small spherical particles.
Conversely, if the substrate temperature is too low, the droplets only
vaporize upon contact, leading to the formation of an amorphous solid.
Moreover, the continuous nebulization of the solution over the substrate
can slightly lower its temperature, which in turn, favors the formation of
larger particles upon contact with the glass slide [49].

Fig. S1 shows the AFM images of 3D surface topography of WO3-Ag-
AgCl films. Composite Films 1, 2 and 5, synthesized with 0.86 and
1.00 mmol of AgCl (Fig. S1-1, 2, 5), showed agglomerations that can be
assigned to nano-granular Ag clusters [50], corroborating the presence
of metallic silver indicated by the Raman spectra (Fig. 2b). All films
presented good homogeneity, low porosity and rounded grains in the
range of 3.7 and 44.1 nm (Table 2), a characteristic feature of WO3-AgCl
films [14]. Although materials with smaller grain sizes generally exhibit
better photocatalytic activity, previous studies indicate the existence of
an optimal range of grain size and roughness values for each material
[51,52]. In this work, films with higher grain sizes resulted in materials
with high photocatalytic activity and stability, as discussed further on,
which may be the optimal range for WO3-Ag-AgCl films synthesized by
ultrasonic spray-pyrolysis/photoreduction. The root mean square (RMS)
roughness varied from 1.7 to 28.4 nm, while the total surface area of the
films was kept in the range of 19.8-25.5 cm? (Table 2). The observed
roughness measurements may be favorable to provide high adsorption
capacity and thus improve the photocatalytic behavior of the composite
films. Li et al. [14] and Bento et al. [51] suggest that the uniform size of
nanograins and the larger roughness values are favorable to enhance the
contact area for the interaction between the pollutants molecules and
the surface of the films, which can improve the photocatalytic perfor-
mance of the composite films under solar irradiation. Ultimately, the
results from this work suggest that the amount of AgCl deposited on the
substrate promotes a great effect on the morphological properties.
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3.4. Optical properties

The optical properties of the synthesized materials were investigated
using UV-vis diffuse reflectance spectroscopy (DRS). The band gap en-
ergies were estimated by the Tauc method, by extrapolating a straight
line from the linear portion to the intersection of the x-axis [53]. Tauc
plots (Fig. S2) and calculated band gap energies (Table 2) indicate the
occurrence of two transitions in most of the synthesized films, which
may be related to two light absorption phenomena [54]. The absorption
edges with lower energies range from 2.70 to 2.81 eV and can be asso-
ciated with the optical band gaps of WO3 [5], while the absorption edges
with higher energies, from 3.58 to 3.71 eV, can be assigned to the optical
band gaps of AgCl [55]. In general, the films that showed only AgCl band
gaps are those in which the amount of these particles on the surface is
higher, possibly covering a large part of the WO3, as can also be seen in
SEM images (Films 2, 5 and 6; Fig. 3).

3.5. Photocatalytic activity

The effects of the amounts of WO3 and AgCl deposited on the glass
substrate on the photocatalytic activity of the synthesized materials
were evaluated by the degradation of ACT under UV-vis irradiation.
Experiments carried out in the dark showed no significant ACT removal
by adsorption. All the synthesized films were tested for four cycles of
120 min of space time each, and the results of ACT removal are reported
in Fig. 4. The amount of WO3 deposited did not significantly affect the
ACT removal, as it was not possible to obtain high contaminant removals
with films synthesized within the experimental range explored. For
AgCl, amounts higher than 0.51 mmol led to films with enhanced pho-
tocatalytic activities, regardless of the amount of WO3 used, and were
significantly stable throughout the four test cycles. When the amount of
AgCl was 0.16 mmol, high ACT removal could be achieved after one
cycle; however, these films (Films 3 and 4) showed poor photocatalytic
stability after four cycles, which implies that part of the AgCl was
probably leached from the films during the tests. Conversely, for the
lowest amount of AgCl (0.010 mmol), poor photocatalytic activity was
observed from the very first cycle.

The degradation rate constant (k’) was calculated using a plug flow
reactor (PFR) model. Eq. 2 is obtained by applying the mass conserva-
tion principle for ACT [56], where Facr is the molar flowrate of ACT
(mol h‘l), V is the reactor volume (L), and r is the degradation rate.
Considering that the reaction proceeds with pseudo-first order kinetics,
where racr = -k’ Cacr, Eq. 2 yields to Eq. 3.

dF,
d/‘\/cr = —Tlacr (2)

, F Xacr X
k — _ ACT.0 / ( d ACT (3)
0

VCO 1-— XACT)

Where k’ is the pseudo-first order degradation rate constant (h’l), Cois
the inlet ACT concentration (mol L’l), and Xucr is the steady-state
conversion at that space time. The solution of the definite integral
leads to Eq. 4, where Q is the volumetric flow rate (L h™Y). The degra-
dation rate constant calculated for the results after the first and fourth
cycles, shown in Table S1, range from 1.8 x 107> to 3.4 x 10~2 min™".
k= %m(l —Xacr) @

The ACT removal results from the fourth cycle were used to obtain
the response surface, the associated contour plot, and the Pareto chart (F
test with p < 0.005) (Fig. 5). The inflection point observed in Fig. 5a
indicates that the optimum values for the amounts of WO3 and AgCl are
close to those used in Film 1, corresponding to a molar ratio WO3:AgCl of
1.84. These results confirm what was previously observed, i.e., the
amount of AgCl is the most significant variable. In fact, the Pareto chart
(Fig. 5c¢) indicates that the number of moles of AgCl (linear and
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Table 3
Estimated band gap energies, flat band potentials and conduction and valence
band potentials of bare WO3 and Film 1.

Material Eg E (Ag/ Erp CB* VB*
V. AgCl NHE
V) &ch ( ) from to from to

WO3 2.68 0.21 0.407 0.407 0.207 3.087 2.887
Film 1 2.76 0.15 0.347 0.347 0.147 3.107  2.907

(WO3)
Film 1 3.58 0.15 0.347 0.347 0.147 3.927 3.727

(AgCD

*CB and VB were estimated in a range considering that the Epp for n-type
semiconductors is the same as the conduction band (CB) or is about 0.1-0.2 eV
smaller than the CB.

quadratic effects) and the interaction between this variable and the
number of moles of WOs3 are the most impacting effects on ACT removal.
The response surface model that predicts the ACT removal as a function
of the variables studied is given by Eq. 5 (R? = 0.965).

ACT removal(%) = 88.525 +2.338X, +25.564X, — 1.426X; — 16.159X3
—7.870X, X,
(%)

In order to reinforce the importance of using a composite material
rather than pure materials to obtain enhanced photocatalytic activity,
bare WO3 and bare AgCl were synthesized using the same procedure
previously described and with the conditions of Film 1 (1.59 mmol of
WOj; for bare WOg; and 0.86 mmol of AgCl for bare AgCl). The photo-
catalytic activity of both films was evaluated for four cycles of 120 min
of space time each. Bare WO3 achieved 50.4, 46.4, 46.0 and 39.9 % ACT
removal for cycles 1-4, respectively; while bare AgCl resulted in 86.5,
85.5, 76.5 and 61.6 % ACT removal. As expected, bare WO3 showed
poorer photocatalytic activity due to the high recombination of photo-
generated carriers [5]. Although considerably high ACT removal results
could be obtained with bare AgCl, the film showed low stability, likely
attributed to the dissolution of the thin layer of AgCl and the subsequent
formation of mixed potentials at the interface of the film and the solu-
tion. This means that part of the AgCl can be dissolved in water, because
of its solubility product constant of 1.8x1071° [57]. Thus, the WO3-A-
g-AgCl composite material can provide both enhanced photocatalytic
activity and high stability.

Materials similar to WO3-Ag-AgCl, prepared by magnetron sputter-
ing and tested for the degradation of methylene blue (MB) in batch re-
actors under visible light, also exhibited higher photocatalytic activity
than the bare materials. However, the composite only achieved less than

Pure WO,
-leVp 0,
-0.330,/0, |- 02 ) B
OeV|- e e e e @e'
CB
1)
leVpE 2 Uﬂ
[~}
h Q
2 e e =
2eVl ! 0,
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2.72*0H/H,0 |~
- Pollutant
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Oxidized h
pollutant
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h*
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50 % MB degradation after 120 min [14]. Ag-loaded TiO,-ZnO thin
films, synthesized by dip-coating sol-gel process, were also tested for dye
degradation under UV irradiation (254 nm) in a batch reactor, resulting
in 70 % MB degradation after 120 min [58]. TiOy coupled to expanded
graphite films, synthesized using the airbrush spray coating technique,
resulted in 50 % degradation of methyl orange dye after 300 min under
visible light in a batch system [51]. In turn, a continuous flow-loop thin
film slurry flat-plate photoreactor was used to evaluate the efficiency of
BiOI/BiFeO3/Ui0-66(Zr/Ti)-MOF [59] and UiO-66(Ti)-Fe304-WO3 [60]
films for the degradation of urea and ammonia, respectively, under blue
light irradiation. The authors achieved 85.5 % degradation of urea and
91.8 % degradation of ammonia under continuous flow conditions, after
2.3 min and 60 min of irradiation, respectively. These results reinforce
the excellent performance of the immobilized WO3-Ag-AgCl films syn-
thesized in this work.

3.6. Stability tests and effect of water matrices

Based on the findings from the response surface analysis, Film 1 was
chosen for further examination, with a particular focus on its stability
during the photodegradation tests. In this test, the photocatalytic film
was submitted to ten consecutive cycles of 120 min of space time,
resulting in a 4.0 % reduction in ACT removal by the end of the ten
cycles (Fig. 5d). The maximum variation in ACT removal from one cycle
to another was only 4.9 % (Fig. 5d). These results prove the excellent
stability of the immobilized photocatalytic material, suggesting that it
can be used in continuous flow reactors for prolonged periods for
degrading organic contaminants. The treated solution from this test was
collected after each cycle and analyzed by inductively coupled plasma
spectroscopy (ICP) to identify the total amount of silver that leached
from the film during each 120-min cycle. 0.50 and 0.31 mg L™! of Ag
were detected after the first and second cycles, respectively. After the
third cycle, however, the concentration was below the detection limit
(0.002 mg L™1), which explains the good stability of the photocatalyst.
In addition, visual inspection only revealed substantial differences in the
best film (Film 1) after ten cycles, while the films that resulted in low
stability (Films 3, 4 and 8) showed visual differences already in the first
cycles.

The photocatalytic performance of Film 1 was also evaluated using a
real effluent sample from a pharmaceutical industry that produces
different active pharmaceutical ingredients (APIs), including ACT
(Fig. 5e). The effluent, whose characterization is shown in Table 52, was
collected after the primary treatment process of the pharmaceutical fa-
cility and spiked with ACT to reach a final concentration of 5 mg L.
The photodegradation experiments were conducted as previously

WO,-Ag-AgCl o
(Film 1) 2
0,
e N XA
e e e e e e
0.147
0.347I
3
© @ 3
i — |
a 1 (Ag*
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Fig. 6. - Band edge diagram with the proposed mechanism for the immobilized materials bare WO3 and WO3-Ag-AgCl (Film 1), based on the Mott-Schottky analysis.
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described for four cycles of 120 min each, resulting in virtually the same
ACT removal observed in ultrapure water, which reinforces the high
photocatalytic activity of the synthesized film.

3.7. Role of oxidizing species

Further experiments were conducted using Film 1 and various
radical scavengers to delve deeper into the roles of different reactive
oxidizing species in the photocatalytic reactions. The radical scavengers
used in these tests were 1,4-hydroquinone (HQ), tert-butanol (TBA),
potassium iodide (KI), sodium azide, and formic acid, all at an initial
concentration of 0.02 mol L1, These tests aimed to observe the effects
of key species such as hydroxyl radicals (*OH), superoxide radical anions
(0%7), holes in the valence band (h"), and electrons in the conduction
band (e"), as discussed in previous research [48,61]. Fig. 5 f shows that
the reduction in ACT removal was: 98.0 % with HQ > 67.8 % with TBA
> 10.4 % with KI > 4.4 % with formic acid > 0.4 % with sodium azide.
1,4-hydroquinone can scavenge both 03~ (k = 1.6 %107 Lmol ! s71)
and *OH radicals (k = 2.1 x10'° Lmol™' s7H very well [62], whereas
TBA is a good *OH scavenger (k = 4.2-7.6 x 108 L mol ™! sfl) [63,64]. As
KI donates electrons to the valence band holes in the photocatalyst, it is
generally used as an h™ quencher; although it can also react with *OH
radicals [65]. Formic acid is applied as an h™ scavenger [65,66], but it
can also react with *OH with a high rate constant (k = 1.2 x 108 L. mol !
s™1) [67]. Finally, sodium azide is a good scavenger of e~ and "OH
radicals [65]. Therefore, the results indicate that *OH and O3 are the
main reactive species involved in the degradation of ACT using the
immobilized WO3-Ag-AgCl photocatalyst in continuous operation.

3.8. Photodegradation mechanism

Mott-Schottky analyses were carried out to obtain the band edge
positions of the bare WO3 and Film 1, which allowed us to propose a
possible reaction mechanism for the immobilized photocatalytic mate-
rial. The plots for the bare WO3 and Film 1 show a positive slope for both
materials (Fig. S4), characteristic of n-type semiconductors [68]. The
flat band potential (Epp) was estimated using the Mott-Schottky equation
(Eq. 6), where C is the interfacial capacitance, ¢ is the vacuum permit-
tivity, o is the relative permittivity of the material, A is the area, Np is
the number of donors, V is the applied voltage, kg is the Boltzmann
constant, T is the absolute temperature, and e is the electronic charge
[69].

ksT
V—EFB—B—)
e

The term kgT/e is usually considered negligible and the flat band
potential (Egg) can therefore be estimated by extrapolating the linear
part of the Mott-Schottky plot on the x axis, subsequently converted
using the formula E(NHE) = E(Ag/AgCl) + E [69], where E(Ag/AgCl) is
the potential obtained by the graph and E? (Ag/AgCl) = 0.197 V. The flat
band potentials obtained for the bare WO3 and Film 1 are 0.407 and
0.347 V vs. NHE, respectively. In general, the Egg for n-type semi-
conductors is assumed to be the same as the conduction band (CB) or is
about 0.1-0.2 eV lower than the CB [69]. As the UV-vis DRS analysis and
the respective Tauc plot allowed estimating two bang gap energies for
Film 1 (Fig. S2-1 and Table 2), we calculated two values for CB and VB
positions for this material (Table 3), which regards to the contributions
of WO3 and of AgCl to the composite film. The bare WO3 film was
analyzed by UV-vis DRS and from its Tauc plot (Fig. S3), a band gap
energy of 2.68 eV was calculated, which was further used to estimate the
CB and VB positions of the pure material (Table 3).

As indicated by the analysis, the band edge diagram of both samples
(Fig. 6) reveals that the conduction band of the composite material is
shifted towards a more negative potential, while its valence band is
nudged towards a more positive potential. According to the VB positions

1 2
C? E€yA%N, ( ©)
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of both films, *OH radicals can be formed by the reaction of holes with
H,0 or OH™ (*OH/H50 = 2.72 eV vs. NHE; *OH/OH™ = 2.40 eV vs.
NHE) [48,70]. In turn, the CB of both bare WO3 and Film 1 is more
positive than O,/03~ (—0.33 eV vs. NHE) [48,70], preventing the
electrons accumulated in the CB from reacting with O, to form super-
oxide radicals, which were found to be one of the reactive species in this
photodegradation process. Note that the reference potentials used here
were determined on the basis of the standard temperature and activities
of the participating species and can therefore differ from the actual
conditions [48]. Nonetheless, the generation of O3 radicals can be
attributed to the presence of surface-segregated low-valence tungsten.
Specifically, W>" can be photoexcited, yielding W* and free electrons,
which can subsequently lead to the formation of O3~ radicals as the
electrons are captured by the adsorbed O,. The photocatalytic cycle is
completed when W®" interacts with OH™, being reduced to W°* and
generating *OH radicals [15,48]. The heterojunction created between
the WO3 and AgCl particles inhibits rapid electron-hole recombination
and therefore allows the reactions of holes and electrons to form the
main reactive species, *OH and O3~ radicals. Furthermore, the silver
particles contribute significantly to the composite structure by
enhancing the Localized Surface Plasmon Resonance (LSPR) effect on
the surface of the semiconductor. WOs, in particular, is an effective LSPR
host, which is mainly related to its 5d valence-electrons that interact
synergistically with Ag [71]. As such, the LSPR effect on Film 1, indi-
cated by an additional peak around 600 nm in the UV-vis DRS spectrum
(Fig. S5), allows both AgCl and WOs to efficiently absorb visible light.
This interaction subsequently results in a composite material with
significantly improved photocatalytic performance.

4. Conclusions

In this work, WO3-Ag-AgCl films immobilized on glass substrates
were successfully prepared using a simple and low-cost ultrasonic spray-
pyrolysis + photoreduction method. The films were tested in a contin-
uous microstructured flat plate photochemical reactor under UV-vis
irradiation, set to simulate the UV output of the standard sunlight
spectrum. A central composite design was applied to evaluate the effects
and to optimize the amounts of WO3 and AgCl deposited on the sub-
strate. In general, the immobilized materials synthesized under different
conditions formed microstructures of cracked plates and deformed
spherical particles, corresponding to WOs, covered with small clustered
spherical particles identified as AgCl. The photocatalytic efficiency of
the films, evaluated by the removal of the model contaminant acet-
aminophen (ACT) under continuous flow rate, was highly influenced by
the amount of AgCl deposited on the substrate. The film prepared with
1.59 mmol of WO3 and 0.86 mmol of AgCl (Film 1, WO3:AgCl molar
ratio 1.84) showed high stability after 10 cycles of 120 min of space time
each, under continuous contaminant flow, with only a 4 % decrease in
the contaminant removal. Additional experiments using a real phar-
maceutical effluent spiked with ACT indicated that Film 1 exhibited ACT
removal and stability as high as that achieved in ultrapure water,
reducing from 97.8 % to 92.2 % after four continuous flow cycles.
Further tests indicated *OH and O35~ as the primary reactive species
involved in the photodegradation reaction. Finally, these findings pro-
vide a promising alternative to easily synthesize low-cost WO3-Ag-AgCl
films that are highly stable after several hours of continuous flow,
making them an efficient option for treating real pharmaceutical efflu-
ents containing contaminants of emerging concern using natural
sunlight.
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