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In this research, photoelectrocatalytic (PEC) based advanced oxidation process (AOP) was studied for the
removal of multiple OMPs through an oxidative mechanism. This study investigated the application of a BiVO4
photoanode in simultaneous removal of three selected OMPs: acetaminophen (ACT), benzotriazole (BTA) and
propranolol (PRO). This study was carried out in demineralized water with a starting concentration of each
organic micro-pollutant (OMP) at 45 pg L. In order to fabricate BiVO, photoanodes, a facile and effective dip-
coating method was used to deposit BiVO4 photocatalytic layers on fluorine doped tin oxide (FTO) substrate.
UV-vis diffusive reflectance spectroscopy, x-ray diffraction (XRD), x-ray photoelectron spectroscopy (XPS) and
scanning electron microscopy (SEM) confirmed the successful fabrication of porous BiVO4 photoanode having an
absorbance edge at around 526 nm. The fabricated photoanode showed incident photon to current conversion
efficiency (IPCE) of 9.23% (Amax=445 nm) under 1 Sun standard illumination. Application of the fabricated
photoanodes for the simultaneous removal of ACT, PRO and BTA at an applied voltage of 1 V (vs Ag/AgCl) under
solar simulated light resulted in 99% removal of both ACT and PRO, and 70% removal of BTA. The first order

rate coefficients and half-life times of ACT and PRO were about three times higher than those of BTA.

1. Introduction

Organic micro-pollutants (OMPs) encompass a range of chemical
substances released into water bodies due to human and industrials
activities [1]. Depending on the geographic location and the source, the
concentration of OMPs found in the surface water or in treated waste-
water can vary, however, it is normally between 300 ng L™ ! and 2 pg L ™!
[2]. The major categories of OMPs are pharmaceuticals including the
endocrine disruptors, skin/body care products and household cleaning
products [3]. The toxic effects of consuming OMPs on humans and
marine life are still under investigation and for some OMPs such effects
have not been studied yet [4]. Different governmental and international
environmental regulatory authorities have issued directives that aim to
maintain and improve the integrity of water resources and to protect
them from OMPs contamination [5]. Industrial and municipal waste-
water effluents significantly contribute to the release of OMPs in surface
water [2] because the conventional wastewater treatment processes are
not completely removing the OMPs [6]. Efforts to remove OMPs from
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the WWTP effluents or to convert them into less harmful transformation
products are increasing to prevent their release to the surface water [7].

Advanced oxidation processes (AOPs) are an effective way to remove
OMPs from aqueous solution including municipal or industrial treated
wastewater effluents [8]. Photoelectrocatalytic (PEC) based AOP is a
type of AOP in which solar irradiation is used to activate photocatalyts
to produce reactive species. Semiconducting photocatalytic materials
are used as the anode in PEC based AOP to produce in-situ hydroxyl
(eOH) and superoxide (*0;) radicals which are the main oxidants [9].
The anode in a PEC cell, the photoanode, is in direct contact with the
water containing the OMPs and the removal reaction usually occurs at
the photoanode-electrolyte interface. The photoanode produces
electron-hole pairs upon its interaction with the incoming solar irradi-
ations. Water is oxidized by the photo-generated holes to produce ¢«OH
while the dissolved oxygen is reduced by the electrons to generate *O5
[10]. According to the literature, eOH play significant role in the un-
selective oxidation of organic pollutants in aqueous solution [11].
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Organic pollutants are un-selectively oxidized until their complete
mineralization or converted into transformation products by the photo-
induced oxidants (¢OH and *O;) [10]. In aqueous solutions, the appli-
cation of metallic oxide photocatalysts including iron oxide (Fe203)
[12], titanium dioxide (TiO2) [13], tungsten trioxide (WO3) [14], zinc
oxide (ZnO) [15] and zirconium dioxide (ZrO2) [16] have been widely
studied in literature for the removal of industrial dyes and pharmaceu-
ticals (1-10 mg L) by PEC based AOP. These photocatalysts, however,
have one major disadvantage that they can only be utilized under the
ultraviolet (UV) light (200-400 nm) of the solar spectrum because they
have relatively large band gap energy of around 3.0 to 3.5 eV. To
overcome the drawback of UV driven photocatalysts, bismuth vanadate
(BiVOy), a narrow band gap (approx. 2.4 eV) photocatalyst has emerged
as an alternative to UV driven photocatalysts and can be utilized under
the visible light of solar spectrum [17]. Apart from BiVO4 applications in
water splitting for hydrogen generation, BiVO4 photoanodes are also
being utilized for water treatment applications which include the
removal of dyes such as methylene blue [18], rhodamine B [19], methyl
orange [20] and pharmaceuticals such as tetracycline hydrochloride
[21], ciprofloxacin [22] and ibuprofen [23] within a concentration
range of 1 to 10 mg L™! from aqueous solution. Removal efficiency of
pristine BiVO4 photoanodes is often reduced due to various factors, such
as the microstructure of deposited BiVO4 particles and the recombina-
tion of photo-generated holes and electrons. These factors contribute to
poor charge transport within the photoanode [24]. Several strategies
have been explored in the literature to increase the removal efficiencies
of BiVO4 photoanodes such as developing a heterojunction of BiVO4
with other suitable photocatalyst [22], doping of BiVO4 [23] and
application of a suitable external bias (voltage) [25] to reduce the rate of
recombination in the BiVO4 photoanode and ultimately increase the
removal efficiency. To the best of our knowledge there is limited
research on the application of BiVO4 photoanode for the OMPs removal
in the concentration level between 0 and 150 pg L 1. Moreover, there is
a lack of literature available on the utilization of BiVO4 photoanodes for
the simultaneous removal of multiple OMPs in aqueous solutions.
Benzotriazole (BTA) is an emerging OMP and is frequently detected
in surface water resources [26]. Due to its chemical and physical
properties it is mostly included as a corrosion inhibiting chemical in e.g.
anti-icing fluids and dishwashing detergents [27]. BTA is a polar com-
pound and is highly soluble (1-5 g L™1) in water [29], and it is only
partially removed from wastewater during the biological treatment
because of its low biodegradability and low adsorption to organic matter
[30]. As a result, BTA is released into the environment through WWTP
effluents. Within the European Union it is mostly detected at a con-
centration level of below 50 pg L™ in the aquatic environment [31].
UV/H,05 oxidation [31], catalytic ozonation [32] and photocatalytic
based AOP [33] have been applied in few studies on the removal of BTA
(1-10 mg L™ from synthetic and real WWTP effluent. However, there is
limited understanding of the removal kinetics of BTA within the con-
centration range between 0 and 50 pg L~} which is more closer to the
concentration level of BTA that could be present in the aquatic envi-
ronment. Furthermore, there is no literature available on the removal of
BTA by PEC based AOP using either UV or visible light driven photo-
anodes. Propranolol (PRO) is a p-blocker drug that is mainly used for
treating hypertension, heart diseases and migraines [34]. Currently PRO
is an OMP of concern because of its excessive usage and persistence to
conventional wastewater treatment technologies leading to the
contamination of WWTP effluent and ultimately surface water with PRO
[35]. Polymeric adsorption [36], catalytic HyO2 [37], photocatalytic
(nano-particles) [38] and electrochemical AOP [39] based removal of
PRO (1-20 mg L™!) have been reported in literature. Similarly, acet-
aminophen (ACT) is also one of the most commonly detected OMPs in
surface water, wastewater and drinking water [40]. ACT is mostly
purchased without any prescription and is frequently used for pain and
fever alleviation [41]. In many European countries WWTPs release a
concentration of ACT between 0 and 20 pg L™! in their effluents due to
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an incomplete removal of ACT [42]. Electrochemical [43] and PEC
based AOP [44] have been reported in the literature to remove ACT from
real and simulated WWTP effluents. However, there is limited literature
on the simultaneous removal of ACT in multiple OMP solutions by PEC
based AOP. Investigating the simultaneous removal of multiple OMPs by
using a photoanode will give information on the selectivity of the pho-
toanode and the removal kinetics of each OMP present in the aqueous
solution. The exposure of all three OMPs (ACT, BTA, PRO) even at lower
concentrations of below 200 pg L1 can cause adverse effects on the
reproductive system of aquatic organisms [45] and also intake of these
OMPs by humans through drinking water can cause inflammation, tissue
damage and serious problems in digestion by changing the gut micro-
organism population [46]. We believe that like other pharmaceuticals,
ACT and PRO at a concentration below 150 pg L™} can act additively as a
mixture of pharmaceuticals and can cause lethal or sub-lethal toxic ef-
fects to aquatic organisms, therefore, their complete removal from sur-
face water should be of significant importance. Moreover, frequent
release of these OMPs, even at lower concentrations of below 150 pg
L7}, can ultimately result in the accumulation of a mixture of these
compounds in surface water resources.

In this research we studied the role of a BiVO4 photoanode in the
simultaneous removal of ACT, BTA and PRO each having a starting
concentration of 45 pg L™ in demineralized water. ACT, BTA and PRO
were selected for this study because of their environmental significance
and persistent presence as an OMP in the water resources. Furthermore,
BTA and PRO are included in the list of micro-pollutants present in the
wastewater provided by the Dutch foundation for Applied Water
Research and the Dutch Ministry of Infrastructure and Water Manage-
ment. First, visible light absorbing photoanodes were fabricated by
depositing BiVO4 photocatalytic layer through dip coating method. The
structural, morphological, optical and opto-electronic properties of the
fabricated photoanodes were analysed and interpreted to validate the
successful deposition of BiVO4 photocatalytic layer. Then the photo-
anodes were employed in a three electrode PEC cell for the simultaneous
removal of three OMPs. Energy consumption analysis was also carried
out to find the total energy required to remove ACT, BTA and PRO. The
removal kinetics of each OMP was assessed by applying a suitable re-
action kinetics model. Quenching experiments were performed by using
different types of quenching agents to assess the role of oxidants in the
removal of selected OMPs by PEC based AOP.

2. Materials and methods
2.1. Materials

All the chemical reagents used in this study were purchased from
Sigma Aldrich which include nitric acid (HNOs) (70%, CAS 7697-37-2),
bismuth nitrate pentahydrate (Bi(NO3)3.5H20) (98%, CAS 10035-06-0),
vanadyl acetyl acetonate (VO(acac)y) (97%, CAS 3153-26-2), sodium
sulfate (NazSO4) (99.0%, CAS 7757-82-6), acetaminophen (CgHgNO3)
(>99.0%, CAS 103-90-2), propranolol hydrochloride (C;6H21NO2.HCI)
(CAS 318-98-9) and benzotriazole (CgHsN3) (99%, CAS 95-14-7).

2.2. Preparation of BiVO4 photoanode

A facile dip-coating method was used to deposit a BiVO4 photo-
catalytic layer on commercially purchased fluorine doped tin oxide
(FTO) glass slides (4 x 4 cm; surface resistivity 7 Q sq.’l). Firstly, FTO
glass slides were ultrasonically cleaned separately in acetone and
ethanol for about 5-6 min. The dip coating solution was prepared by
adding 0.049 M bismuth nitrate pentahydrate (Bi(NO3)3.5H20) in 50 mL
of ultra-pure water whose pH was adjusted to 2.0-2.2 by using 1 M nitric
acid (HNOj3). After adding the Bi(NO3)3.5H20, the solution was thor-
oughly mixed and then placed in an ultrasonic bath to make it a ho-
mogeneous solution. After about 30 min when the solution was clear,
0.049 M vanadyl acetylacetonate was added to the solution, which was
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again placed into the ultrasonic bath for homogenous mixing. After
about 30 min of utrasonication, the blue coloured solution was taken
out, and at this stage the coating solution was ready to deposit BiVO4 on
FTO slides. In order to deposit the BiVO4 layer, the FTO glass slide with
its FTO side facing upward was dipped into the coating solution for 5
min. After 5 min, the FTO glass slide was removed with the help of a
pincer and was placed on a hot plate at 100 °C for 10 min to evaporate
the solvent present in the deposited layer. The same procedure of dip-
ping and drying was used to prepare five photoanodes with 1 layer, 2
layers, 3 layers, 4 layers and 5 layers of BiVO4. In the final step, all
photoanodes were annealed in an electric furnace at 460°C for 2 h ata
ramping rate of 3°C min ™. After the annealing step, the bright yellowish
coloured photoanodes were stored in a dry place under normal condi-
tions. Photoanodes with different number of BiVO4 layers were prepared
to analyse the effect of layer thickness on the removal efficiency of the
photoanodes. BiVO4 photoanode with three layers showed fastest
removal of ACT in demineralized water as shown in Fig. S. 1 of sup-
plementary information. Therefore, the three-layer photoanode was
selected for further characterization and the application for the removal
of selected OMPs by PEC based AOP.

2.3. Structural and morphological characterization

Surface morphology and micro/nano-structure analysis of fabricated
photoanodes was carried out by using field emission scanning electron
microscopy (SEM), X-ray diffraction (XRD) and X-ray photoelectron
spectroscopy (XPS). The detailed description of the characterization
techniques is given in our previous research publication [47]. Surface
profilometry technique was used to measure the layer thickness of each
photoanode by using a Veeco Detak 8 surface profilometer. The results
of surface profilometry regarding the layer thickness are shown in Table.
S. 1 of the supplementary information.

2.4. Optical and opto-electronic characterization

Optical properties of fabricated photoanodes were studied between
300 and 700 nm (2 nm step size) by using diffusive reflectance UV-vis
spectroscopy (LAMBDA 1050+ UV/Vis/NIR spectrophotometer, UV
Winlab software). Incident photon-to-electron conversion efficiency
(IPCE) was also measured between 280 and 700 nm (10 nm step size) by
utilizing a incident photon to current conversion efficiency (IPCE) set-up
(specialized for solar cells measurement) under 1 Sun illumination (AM
1.5 standard conditions). IPCE measurement was performed by using
the BiVO4 photoanode as working electrode at 1 V (external bias) and a
platinum wire as the counter electrode. 0.1 M NazSO4 solution con-
taining 45 pg L~ ! of ACT was used as electrolyte for IPCE measurements.
The IPCE value of the photoanode at each wavelength was calculated by
the set-up software using the Eq. (1) and the short circuit current (Jg)
was automatically calculated by the software at the end of measurement.

[(A) 1240

IPCE% =
CE% Py, (W) X (nm)

x 100 (€8]

I = Photocurrent response at each wavelength.

P;n, = Input power of the light source at each wavelength.

A = Wavelength of incoming photons.

Linear sweep voltammetry (LSV) was carried out in a three-electrode
cell (dark & light conditions: 60 W m~2) between —0.2 and 1.5 V (vs Ag/
AgCl) at a scan rate of 100 mV s L. Similarly, electrochemical imped-
ance spectroscopy (EIS) under illuminated conditions (60 W m~2) was
carried out in a three-electrode cell between 10,000 to 0.01 Hz with a
perturbation voltage of 0.2 V, during the measurement the reaction
solution was continuously stirred at 600 rpm. For LSV and EIS 0.1 M
NaySO, containing 45 pg L1 of ACT was used as an electrolyte. The data
for Mott Schottky plot was obtained under dark conditions by measuring
the capacitance of the working electrode (BiVO4 photoanode) within the
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applied potential range of —1.1 V to 1.1 V vs Ag/AgCl in an electrolyte
consisting of a 5 mM solution of [Fe(CN)6]3_/ 4 (prepared in 0.1 M KCl)
(pH 7.2).

2.5. Photoelectrocatalytic (PEC) experiments

Removal of selected OMPs by PEC based AOP with the use of the
prepared photoanodes was carried out by using an Autolab potentiostat
(PGSTAT128N) in three electrode cell. The experimental process was
similar to our previously published research [47] A quartz reactor cell
containing three electrodes and 167 mL of electrolyte solution was used
for the PEC based AOP removal experiments. 0.1 M NaySO4 containing
ACT, BTA and PRO each with a concentration of 45 pg L' ata pH of 6.8
was used as electrolyte for the removal experiments. Demineralized
water was used for the preparation of the electrolyte. Fabricated pho-
toanodes, Ag/AgCl (3.0 M KCl) electrode and graphite plate (40 x 40
mm) were used as working electrode, reference electrode and counter
electrode, respectively. A constant voltage of 1 V vs Ag/AgCl was
applied during the removal experiments to minimize the rate of
recombination in the fabricated photoanodes. A solar simulator SUNT-
EST XXL+ having three air cooled 1700 W Xenon lamps emitting 1 Sun
illumination spectrum (300-900 nm) was used as light source. The in-
tensity of emitted light between 300 and 400 nm was calibrated to 60 W
m 2 and the distance between the light source and the photoanode was
approximately 15 cm. The reactor cell was placed in a temperature
controlled bath at 25 + 1 °C to perform the removal experiments at
constant temperature. Before turning on the simulated solar light and
applying the external voltage (1 V), the three-electrode cell containing
the reaction solution along with the BiVO,4 photoanode, Ag/AgCl
reference electrode and graphite cathode was kept under dark condi-
tions for 45 min to analyse the effect of adsorption of OMPs by the
components of the reactor cell. After 45 min, the concentrations of the
three OMPs were analysed by LC-MS as explained in Section 2.6 and
there was no significant change observed in the concentration of the
selected OMPs. After 45 min of adsorption time, each removal experi-
ment ran for 2 h with continuous stirring at 600 rpm to increase the mass
transfer of OMPs from the bulk to the surface of the photoanode. Sam-
ples for the concentration analysis of each OMP were taken at intervals
of 30 min. PEC based AOP removal experiments were conducted in
triplicate to assess the reproducibility of the results.

Reusability experiments with BiVO4 photoanode were performed by
using the same photoanode for four consecutive removal experiments of
2 h each. Between successive experiments the photoanode was rinsed
with demineralized water to remove any adsorbed OMP from the
photoanode.

2.5.1. Quenching experiments

Quenching experiments were carried out in a similar way as the
removal experiments described in Section 2.4, except for the addition of
quenching agent in the electrolyte. 4 mM of ethylene diamine tetraacetic
acid (EDTA), p-benzoquinone (p-BZQ) and methanol were used in
separate experiments to quench photo-generated holes, «OH and *O;,
respectively. Each experiment ran for 2 h and samples were taken at
intervals of 30 min for the concentration analysis of ACT, BTA and PRO.

2.6. Analytical measurement of ACT, BTA and PRO

The concentration of three OMPs in the samples was measured by
using liquid chromatography combined with tandem triple-quadrupole
mass spectrometry (LC-MS). The complete measurement procedure is
described in our previous publication [47]. Based on the measured
concentrations of OMPs, removal efficiency of BiVO4 photoanode for
each OMP was calculated by using the following equation:

Removal efficiency (%) = <1 - Q) % 100

0
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where Cy = Initial concentration at time t = 0 and C; = Concentration at
any time

3. Results and discussion

3.1. Structure and morphology of photoanodes

Fig. 1 shows the X-ray diffraction peaks of dip-coated BiVO4 photo-
anode. The main peaks at 18.97°, 28.89°, 30.52°, 34.55°, 35.20°,
39.87°, 42.43°, 46.74°, 47.27°, 51.46° and 59.43° as shown in Fig. 1
were assigned to monoclinic scheelite phase of BiVO4 which was also
confirmed by the ICDD database as shown in Fig. S. 2 of the supple-
mentary information. The designated peaks were in agreement with the
previous literatures [19,40] and indexed as (110), (121), (040), (200),
(002), (211), (015), (240), (042), (161), (321) and (123), respectively.
Formation of monoclinic scheelite phase of BiVO4 was desired in this
research due to its relatively narrow band gap energy that enables it to
have improved interfacial charge transfer properties as compared to
tetragonal zircon BiVO4 [48]. The XRD characterization confirmed the
successful deposition of BiVO4 without any impurity compound.

Fig. 2 shows the surface morphology of dip-coated BiVO4 photo-
anode. In low resolution images (Fig. 2 (a) & (b)), the photoanode
appeared to have a compact surface with micro sized cracks. These
surface cracks increased the roughness and available adsorption surface
area of the photoanode for the OMP molecules. The high resolution SEM
image in Fig. 2(c) shows the porous layer of BiVO4 particles (under the
cracks) that were joined together to form a 3D branch network. The
magnified image (Fig. 2 (d)) of the porous layer shows the inter-joining
of deposited BiVO4 particles that facilitated efficient charge transport
within the photoanode. SEM result exhibited that the porous BiVO4
particles possibly improved the transfer of photo-induced charges from
the bulk material to the photoanode-electrolyte interface where they
were utilized for the oxidants (¢OH and °O; ) generation. Furthermore,
the cracks on the compact layer increased the adsorption surface area
available for the BTA, PRO and ACT molecules and this enhanced
adsorption of molecules on the surface of the photoanode resulted in a
fast and efficient removal of selected OMPs either by direct oxidation
through photo-generated holes or by the in-situ produced oxidants.
Fig. 2 (2) shows the EDX spectrum of the fabricated photoanode which
depicts the elemental analysis of BiVO4 photocatalytic layer, and it is
evident from EDX spectrum that only bismuth (Bi), oxygen (O) and
vanadium (V) were detected as the major constituent elements in the
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Fig. 1. X-ray diffraction peaksof BiVO4 photocatalytic layer showing the
indexed peaks of monoclinic scheelite phase.
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photoanode. Fluorine doped tin oxide (FTO) was responsible for the
detection of Tin (Sn) and calcium (Ca) in the EDX analysis as shown in
Fig. 2 (e). The EDX analysis complemented the XRD findings and further
corroborated the purity of the BiVO4 deposition without the presence of
any impurity element.

The survey scan of X-ray photoelectron spectroscopy (XPS) of the
BiVO,4 photoanode is shown in Fig. S. 3 of the supplementary informa-
tion. Fig. S. 3 in supplementary information shows that Bi, O and V were
co-existing and exhibited distinct peaks at their respective binding en-
ergies. Carbon (C) detected in the XPS survey analysis was considered as
an impurity that was present during the analysis. Fig. 3 presents the
deconvoluted high-resolution spectra of Bi, V and O. In Fig. 3, the two
asymmetric peaks at 162.97 and 157.57 eV represented Bi 4fs,2 and Bi
4f; /5 spin orbit splitting states of Bi, respectively. The difference be-
tween their binding energies was 5.4 eV, which suggested that Bi was
present as Bi®" in the lattice structure of BiVO, [49]. Similarly, in the
case of vanadium (V), the two peaks at 528.42 and 515.22 eV were
assigned to V 2p;,2 and V 2ps3,» spin orbit splitting states, respectively.
Their peak positioning observed in the spectrum suggested that V was
present as V°7 in the lattice structure of BiVOy4 [50]. In the case of ox-
ygen (O) three distinct peaks were observed where each peak repre-
sented a different bonding environment around oxygen. The two peaks
at 528.05 and 528.85 eV were assigned to oxygen in the lattice structure
of BiVO4 and was bonded to Bi and V, respectively. A relatively low
intensity peak observed in the O spectrum at 529.95 eV represented the
surface adsorbed oxygen [47,51]. Overall, the XPS results successfully
confirmed the presence of constituent elements (Bi, O and V) of BiVOy,
which was in accordance with the XRD and EDX results.

3.2. Optical and opto-electronic properties of the BiVO4 photoanode

The absorbance spectrum of the BiVO4 photoanode was measured by
using UV-vis diffusive reflectance spectroscopy. The absorbance spec-
trum of the fabricated photoanode is shown in Fig. 4 (a), and it is evident
from the spectrum that the photoanode showed strong absorption of
incoming photons within the UV-visible range (300-550 nm) of the
solar spectrum. The absorbance edge of the BiVO,4 photoanode was
observed in the visible spectrum of solar irradiation at about 526 nm.
The absorbance pattern of the BiVO4 photoanode confirmed that the
deposited BiVO4 layer absorbs in the UV-visible range and can be
applied for visible light driven PEC based AOP removal of OMPs. The
absorbance spectrum in Fig. 4 (a) was also used to determine the
approximate band gap energy (Ey) of the fabricated BiVO4 photoanode
by using the Eq. (2) as shown below [52]:

ahv = A(hv —E,)"? @

The Eq. (1) is called as Tauc equation, in this equation: o, h,v,
AandE, corresponds to absorbance coefficient, Planck's constant,
incident light frequency, constant and band gap energy, respectively.
The exponent n is a constant and its value depends on the optical
transition behaviour of the specific semi-conducting material being
used. According to literature, BiVOy is a direct transition semi-conductor
and the value of n for a direct transition semi-conductor is 1 [51]. The E¢
was evaluated by substituting the known values in Eq. (2) and a plot of
(ahv)? against hv was constructed as shown in the inset of Fig. 4 (a). The
assessed Eg was found to be 2.36 eV. Result of UV-vis spectroscopy and
band gap calculation showed that the dip coating method was successful
in fabricating a narrow band gap and a UV-visible light absorbing BiVO4
photoanode.

The calculated band gap energy (Eg) obtained from the inset of Fig. 4
(a) was utilized to determine the valence band (Eyg) and conduction
band (Ecp) edge potentials of the fabricated photoanode. Eq. (3) and Eq.
(4) were used to compute Ecg and Eyp [22]:

Ecg = X —Ec — 0.5E, 3
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Fig. 2. SEM images showing surface morphology of BiVO, photoanode at magnification of 1000 x (a) 5000 x (b) 25,000 x (c) 50,000 x (d) and compositional analysis
of BiVO,4 photoanode through EDX showing the characteristic peaks of constituent elements present in the photocatalytic layer (e).

Evg = E; +Ecs @

In Eq. (3) the variable X represents the geometric mean of the ab-
solute electronegativities of the constituent atoms present in the pho-
tocatalyst being used, and for BiVQy its value is 6.04 eV [53]. In Eq. (3)
the E. corresponds to the energy of free electrons relative to the normal
hydrogen electrode and its value is 4.50 eV. E; in both Egs. (3) and (4)
represents the band gap energy of the BiVO4 photoanode that was ob-
tained from Tauc plot (inset of Fig. 4 (a)). After substituting the known
values of E, Eg and X in Egs. (3) and (4), the Eyp and Ecg for the BiVO4
photoanode were calculated as 2.72 and 0.36 eV, respectively. The
calculated band edge potentials were found to be in consistent with the

values reported in literature [22] and were able to produce the reactive
species to oxidize the OMP molecules as illustrated in Fig. 4 (b).
Linear sweep voltammetry (LSV) technique was used to investigate
the influence of the applied voltage on the photo-induced current
generated by the BiVO4 photoanode. The LSV plot (Fig. 4 (c)) shows that
in dark conditions no photocurrent was generated within the applied
potential window of —0.2 to 1.5 V. Fig. 4 (c) shows that in the absence of
light, the fabricated photoanode did not act as a classical electro-catalyst
for the direct oxidation of OMPs even when an external voltage was
applied. In the presence of light (60 W m~2), the applied voltage had a
positive impact on the photocurrent of the fabricated photoanode,
which confirmed that the applied external voltage decreased the
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Fig. 3. De-convoluted high resolution XPS spectra revealing Bi 4f;,, and Bi 4fs,, spin orbit splitting states for Bi, V 2p3,, and V 2p, /5 spin orbit splitting states for V
and different chemical bonding environment around O in the lattice structure of BiVOy,.

recombination of photo-generated charge carriers in the BiVO4 photo-
anode. Furthermore, the LSV plot also revealed that photocatalytic
removal of OMPs was not possible as no photocurrent was observed at 0
V in the presence of light. Based on the findings of LSV, 1.0 V was
selected as the suitable applied voltage for the PEC based AOP removal
of the selected OMPs because sufficient current density (0.16 mA em™?)
was obtained at 1.0 V. The obtained photocurrent density current den-
sity of 0.16 mA cm ™2 was comparable to the current densities (0.1-1 mA
cem™?) reported in the relevant literature [21,54,55] that used BiVO4
based photoanodes. However, the reported light intensities used in LSV
was mostly 1000 W m ™2, which could significantly increase the photo-
current response. The increased light intensities could be the explana-
tion of current densities higher than 0.16 mA cm™2 reported in the
literature. The transient photocurrent response during the removal
experiment as shown in Fig. S. 4 of the supplementary information is
also comparable with the value (0.16 mA cm’z) obtained by the LSV
characterization.

The approximate value of flat band potential (Eg,) and the electron
donor density (Np) of fabricated BiVO4 photoanode was calculated by
using the Mott-Schottky plot. The Eg, and Np are important parameters
to assess the charge separation efficiency not only in a photocatalyst but
also in heterojunction interfaces. Mott Schottky plot was constructed by
using the Eq. (5) as given below:

1 2 kT
C? eee,NpA® x (EA ~Ea 7?) )

In Eq. (5), the C is the capacitance at the photoanode-electrolyte
interface, e is the electron charge (1.60 x 1071 C), ¢ is the dielectric
constant (68 for BiVO4 [56]), &, is the permittivity of vacuum, Np, is the

charge carrier density (cm’3), A (m?) is the surface area of the photo-
anode, E, is the applied potential, Eg, is the flat band potential, k is the
Boltzmann constant and T is the absolute room temperature. A Mott
Schottky plot (1/ C2 as a function of Ea (V) vs Ag/AgCl) was constructed
as shown in Fig. S. 5, Np was calculated from the slope of the linear part
of the plot and the Eg, was determined by extrapolating the straight
tangent line of the linear part of the plot to x-axis intercept as shown in
Fig. S. 5 in supplementary information. The calculated value of Np was
1.04 x 10?3 cm™2 which was in agreement with the value reported in the
literature [22] for the BiVO4 photoanode used in water treatment. The
approximate value of Eg, from the Mott Schottky plot was —0.534 V vs
Ag/AgCl (0.088 V vs RHE), which also closely matched to the values
reported in the literature [22]. The value of Eg, was consistent with the
literature [22], where similar values of Eg, Ecg and Eyp were calculated
by the UV-vis absorbance data and Egs. (3) and (4).

To assess the quantum efficiency of the BiVO4 photoanode, incident
photon to current conversion efficiency (IPCE) characterization was
carried out. It calculated the number of incoming photons that were
converted into electrons by the BiVOy4 layer. Fig. 4 (d) shows the IPCE
plot of the fabricated BiVO4 photoanode and it is evident from the plot
that the photoanode absorbed the incoming photons between 300 and
500 nm and converted them into photocurrent. The percentage of con-
verted incoming photons to photocurrent at each wavelength varied,
and a maximum IPCE of 9.23% was reached at 450 nm. The overall
shape of IPCE plot is similar to the absorbance pattern shown in Fig. 4
(a), both the absorbance edge and the maximum IPCE were observed in
the visible range (A>400 nm) of the solar spectrum. The position of
maximum IPCE in the visible range of solar spectrum (A>400 nm)
provides further evidence that dip-coating was successful in preparing a
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Fig. 4. (a) UV-Vis absorbance spectrum showing the absorbance pattern and the range of absorbance of the BiVO, photoanode (b) Illustration of interaction of solar
photons with the BiVO,4 photoanode for the in-situ generation of oxidants (c) LSV plot of BiVO, photoanode under dark and light (60 W m~2) conditions measured
within the potential window of —0.2 to 1.5 V with a scan rate 100 mV s~ ! (d) IPCE plot of BiVO, photoanode under 1 sun standard illumination and 1 V applied
potential vs platinum wire as a counter electrode (e) Nyquist plot of BiVO, photoanode under illuminated conditions (60 W m~2) performed between 10,000 Hz to
0.01 Hz at a perturbation voltage of 0.2 V (f) Bode phase angle plot showing the phase angle response to the applied frequency for electron lifetime determination.

visible light absorbing BiVO4 photoanode. The short circuit current (Jg.)
of 4.60 A m 2 was also obtained by the IPCE characterization that
represented the maximum current that can be generated by the BiVO4
photoanode..

Electrochemical impedance spectroscopy (EIS) was carried out as
described in Section 2.3 to analyse the charge transfer dynamics at the
photoanode-electrolyte interface. Fig. 4 (e) shows the Nyquist plot along

with the equivalent circuit model that shows important elements in the
circuit such as solution resistance (R), double layer capacitance (C or
CPE), charge transfer resistance (R.) and Warburg diffusion coefficient
(W). Among these elements, R is the most important one as it sub-
stantially influences the reaction kinetics. The radius of the arc in the
Nyquist plot is indicative of R, with a smaller arc radius corresponding
to a lower Rt [44]. The calculated value of R in Fig. 4 (e) was 142 Q,
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which was comparable to, or even smaller than, most of the values (300
Q [44], 20,426 Q [57] and 106 Q [58]) reported in the literature for
various photo-electrochemical applications using BiVO4 based photo-
anodes. This inferred that the dip-coating method was successful in
fabricating photoanodes with good interfacial charge transfer efficiency.
The overall shape of the Nyquist plot in Fig. 4 (e) suggested that the
removal rate of the OMPs in the solution was partially diffusion
controlled because the tail at the end of the arc is approximately at an
angle of 45° with the X-axis. This kind of shape is characteristic of mixed
kinetic-diffusion controlled reactions in which the reaction rate is not
only hindered by the charge transfer resistance at the electrode-
electrolyte interface but also by the transport of molecules from the
bulk towards the photoanode-electrolyte interface. The EIS data was
also analysed with a bode phase angle plot (Fig. 4 (f)) to compute the
lifetime of photo-generated electrons in the photoanode. The Bode plot
relates the lifetime of the electrons with the maximum phase angle
frequency of the response signal as follows [22]:

1

Te = m (6)

where 7, is the lifetime of the electrons and f,.x is the frequency at the
maximum phase angle in the bode plot. According to Fig. 4 (f) fyax was
34.3 Hz, by substituting the value of f,x in Eq. (6) the lifetime of the
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photogenerated electrons was assessed to be 4.6 ms. The calculated
lifetime of electrons was about 14 times higher than the lifetime re-
ported in the literature [22], higher lifetime of electrons implied lower
recombination of charge carriers in the photoanode, which will ulti-
mately increase the removal efficiency. The increased lifetime of the
photogenerated electrons was attributed to the porous structure of the
BiVO, particles as discussed in Section 3.1. This porous structure
reduced the internal resistance for the electron mobility within the
BiVO4 layer and increased the charge separation efficiency.

3.3. Photoelectrocatalytic based AOP removal of OMPs

Fig. 5 (a) shows the normalized simultaneous decrease in concen-
tration of ACT, BTA and PRO each having an initial concentration of 45
pg L1 as a result of photolysis. It is evident from Fig. 5 (a) that <10% of
each OMP was removed as a result of the direct exposure of the reaction
solution to the incoming simulated solar light. This low removal by
photolysis is in accordance with the absorbance properties of ACT, BTA
and PRO as all three OMPs absorb majorly in the UV range below 280
nm [38,47,59,60]. Photolysis results confirmed that removal of the
selected OMPs was due of the use of the BiVO4 photoanode for PEC
advanced oxidation. Fig. S. 6 (a) in supplementary information shows
the normalized simultaneous removal of the selected OMPs in the
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Fig. 5. (a) Normalized removal of ACT, BTA and PRO in response to direct interaction of the incoming solar simulated light (60 W m~2) with the reaction solution for
2 h (b) Comparison of efficiency of removing ACT, BTA and PRO by using the BiVO, photoanode at intervals of 30 min (c) Fitting of the first order kinetic model to
the normalized simultaneous removal efficiencies of ACT, BTA and PRO under illuminated condition (60 W m?) during a 120 min removal experiment.
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absence of light (dark conditions) by using the fabricated BiVO4 pho-
toanode at an applied voltage of 1 V vs Ag/AgCl. It is evident from Fig. S.
6 (a) in the supplementary information that in the absence of light there
was minimum removal (<15%) of OMPs confirming that the removal of
OMPs was due to PEC effect. Similarly, Fig. S. 6 (b) in supplementary
information shows the normalized simultaneous removal of ACT, BTA
and PRO in the presence of light (60 W m~2) by using the BiVO, pho-
toanode at an applied voltage of 1 V vs Ag/AgCl. Before starting of the
photo-electrocatalytic removal, 45 min of adsorption time was given to
analyse the effect of OMPs adsorption by the reactor cell components
(photoanode, reference electrode and counter electrode). Fig. S. 3(b)
shows that under dark conditions, <10% removal of OMPs were
removed through adsorption. This low removal of OMPs through
adsorption suggests that the selected OMPs removal occurred due to the
PEC effect. Fig. S. 5 (b) in supplementary information shows 99%
removal of ACT and PRO within 2 h while approximately 70% BTA was
removed after 2 h of solar simulated irradiation. Fig. 5 (b) gives more
detailed information regarding the removal efficiency of photoanode for
ACT, BTA and PRO on a 30 min interval basis. It shows that >50% of
ACT and PRO was removed by the BiVO4 photoanode within 30 min of
irradiation, while only 24% of BTA was removed within 30 min of
irradiation. After 30 min, the rate of removal decreased for ACT and
PRO, which could have been caused by a limiting transport of ACT and
PRO molecules from the bulk solution to the photoanode-electrolyte
interface where the removal reaction takes place [61]. As the trans-
port of ACT and PRO molecules towards the surface of the BiVO4 pho-
toanode became slower, the removal rate decreased, which resulted in
longer times to reach 99% removal efficiencies for ACT and PRO. This
observation is in agreement with the findings from the Nyquist plot
(Fig. 4 (e)), showing mixed kinetic-diffusion for the removal of ACT. The
decrease in (normalized) concentration of BTA remained almost con-
stant after 30 min, suggesting that the BTA removal was not influenced
by the limiting transport of molecules towards the surface of photo-
anode. The low removal efficiency of BiVO4 photoanode for BTA in
comparison to ACT and PRO was most likely due to its low reactivity
with eOH. The reactivity of ¢OH is influenced by the presence of func-
tional groups and the chemical structure of the compound under
consideration. BTA is generally resistant to oxidation by eOH because
the triazole ring in BTA is relatively stable and cannot be easily oxidized
by eOH attack, whereas the N—H bond and the aromatic ring in BTA are
more prone to ¢OH attack for oxidation [29]. In the case of PRO, the
presence of primary and secondary alcohol groups makes it highly
reactive to oxidation by eOH. Moreover, the aromatic ring in PRO could
also be oxidized by eOH which can further enhance the kinetics of PRO
removal [62]. Similarly in ACT, the phenolic hydroxyl and the amide
group are highly susceptible to oxidation by eOH, which results in its
fast removal [63]. Overall, it is likely that ACT and PRO involved more
reaction pathways as compared to BTA for the oxidation by ¢OH due to
their chemical structure and attached functional groups that resulted in
their higher removal. The complete reaction pathway and the ultimate
fate of ACT, BTA and PRO in demineralized water could not be
confirmed in this study because the intermediate products were not
analysed. The identification and quantification of intermediate products
of OMPs are quite challenging because of the low initial concentration of
parent OMP in the reaction solution [64]. Moreover, analysing the in-
termediate products of more than one OMP in a solution is complex [65]
and was beyond the scope of this study.

The kinetics of PEC based simultaneous removal of ACT, BTA and
PRO during 2 h of solar simulated irradiation is shown in Fig. 5 (c). A
first order rate equation (Cy/Co=e) was used to compute the rate co-
efficients of ACT, BTA and PRO removal because the normalized
decrease matched the first order kinetic model. As expected, the rate
coefficients of ACT and PRO were almost equal (Table 1) and about 67%
higher than the rate coefficient of BTA. Similarly, the half-life times of
PEC based simultaneous removal of ACT and PRO were also approxi-
mately 67% higher than the half-life of BTA. Rate coefficients given in
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Table 1

Rate coefficients of first order reaction kinetics along with R? values and half-life
times of ACT, BTA and PRO after 2 h of removal experiment by using BiVO4
photoanode.

Rate Coefficient (min~1) R? Half-life time (min)
Acetaminophen 2.84 x 1072 0.993 28
Propranolol 2.44 x 1072 0.994 24
Benzotriazole 9.35 x 1072 0.996 74

Table 1 are similar and comparable to the previous studies using
different AOPs for the removal of ACT [66,67], BTA [68] and PRO [62]
having initial concentrations of >1 mg L™l Table 2 summarizes a
comparison between the removal efficiency of the fabricated BiVO4
photoanode used in this study with the relevant literature is presented in
Table 2. According to Table 2 most of the literature studies used 1.0 V as
the applied external voltage, but the resulting removal efficiencies are
lower than the removal efficiency of the BiVO4 photoanode used in this
study.

The results of the reusability experiments are shown in Fig. S. 7 of
supplementary information. In reusability experiments, a BiVO4 pho-
toanode was used for four consecutive experiments of 2 h each. The
BiVO4 photoanode showed good reusability performance as the removal
efficiency was only 17, 22 and 32% decreased for ACT, BTA and PRO
respectively after three consecutive experiments of using one and the
same photoanode. After the second experiment the removal efficiency of
the photoanode remained constant as shown in supplementary infor-
mation Fig. S. 7, the decrease in efficiency was most likely due to the
adsorption of the unoxidized OMP molecules within the surface cracks
of the photoanode that decreased the active surface area available for
the water oxidation to produce reactive species (¢éOH and °0;).

3.3.1. Electrical energy per order

The electrical energy per order (Egp) quantifies the energy required
(electrical and solar) in kilowatt hours (kWh) to decrease the concen-
tration of an OMP in 1 m® volume of water by a factor of 10 (1 log
reduction). Ego for the selected OMPs was calculated by using Eq. (7)
below [741]:

P x t x 1000

_ (7)
V x 60 x log (g)

Epo =

where P (kW) is the total input power, t (min) is the reaction time for the
OMP removal, V (L) is the treated volume, C; and Cs are initial and final
concentrations of the OMP, respectively. For a first order reaction the
term log(Ci/Cf) equals 0.4343kt, therefore, the final simplified Ego
equation is given below in Eq. (8) [75]:

384 x P

Vxk ®

Epo =

In Eq. (6), k (min’l) is the rate coefficient of the OMPs given in
Table 1. Variable P (kW) is the total input power including electrical
power and irradiation power that is available for the absorption by the
BiVO4 photoanode within its total absorbance area (300-550 nm). The
total light intensity measured by a photodiode between 300 and 550 nm
for 16 cm? surface area of photoanode was 1.09 x 10~ kW. The applied
electrical power was 1.6 x 10~ kW based on 1 V external bias and 1.6
mA photocurrent. Therefore, the total input power of the system was
1.0916 x 103 kW, the Egg values for each OMP are given in Fig. 6 (a) by
substituting the values of V (0.167 L), P (1.0916 x 1073 kW) and rate
coefficients (k) in Eq. (8). The Eggp value for BTA in Fig. 6 (a) is higher
than the Egg values of ACT and PRO due to its slow removal kinetics. The
total energy consumption (including both light intensity and electrical
power) of the removal process of 2 h was calculated as 13.07 kWh m .
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Table 2
Summary table showing the comparison between the removal efficiency of the BiVO,4 photoanode used in this study with the relevant literature studies.
Photoanode Pollutant compound Applied potential and light intensity Removal efficiency Ref
BiVO, Acetaminophen, 1V vs Ag/AgCl and 60 W m ™2 light intensity (calibrated Simultaneous Removal of This
Benzotriazole and between 300 and 400 nm) Acetaminophen 99%, Study
Propranolol each at a starting concentration of Propranolol 100% and
45 g L7! Benzotriazole 70% in 120
min
BiVO, Methylene Blue at 10 mg L™* 1.0 V vs Ag/AgCl and 100 mW cm 2 of light intensity 50% in 80 min [69]
BiVO, Ciprofloxacin at 10 mg L™! 1.0 V vs Ag/AgCl and 100 mW cm 2 of light intensity 50% in 120 min [22]
WOs/ Sulfamethoxazole at 25 mg L™* 1.0 vs RHE and light intensity of 100 mW cm ™2 35% in 120 min [70]
BiVO,@FeOOH
BiVO, Phenol at 20 mg L~! 1.0 vs Ag/AgCl and light intensity of 60 W m 2 65% in 240 min [71]
BiVO4/TiOy Tetracycline hydrochloride at 10 mg L™ 0V and light intensity of 100 mW cm 2 23% in 120 min [72]
nanotube
BiVO,/WO3 Norfloxaxin at 10 mg L~* 1.0 V vs SCE and light intensity of 1 mW cm 63% in 180 min [731
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Fig. 6. (a) Ego values for the complete removal of ACT, BTA and PRO (b) Removal efficiency of BiVO4 photoanode for the removal of ACT, BTA and PRO in the
presence of 4 mM EDTA, (c) 4 mM methanol and (d) 4 mM p-BZQ as quenching agents.

3.3.2. Quenching of reactive species

Quenching experiments were performed by using BiVO4 photo-
anodes for the simultaneous removal of the selected OMPs in the pres-
ence of a quenching agent. EDTA, methanol and p-BZQ were used in
separate experiments to quench photogenerated holes, hydroxyl and
super-oxide radicals, respectively. Fig. 6 (b), (c) and (d) show the
removal efficiency of BiVO4 photoanode for the selected OMPs in the
presence of selected quenching agents. In the presence of EDTA (Fig. 6
(b)), the removal efficiency of all OMPs decreased but the most

10

pronounced effect was observed for BTA where the removal efficiency
decreased from 70% (without quenching) to 29%. This substantial
decrease in the removal of BTA suggested that photogenerated holes
have the potential to directly oxidize the BTA molecules at the surface of
the BiVO4 photoanode. EDTA quenched the photogenerated holes
thereby decreasing the in-situ generation of eOH, which could be
another explanation for the decrease in the removal of all three OMPs
because less ¢OH would be available for the oxidation. In the presence of
methanol, all three OMPs showed substantial decrease in the removal
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efficiency as shown in Fig. 6 (c). The decrease in the removal efficiency
of ACT and BTA was higher compared to PRO which implies that ¢«OH
were the dominating reactive species for ACT and BTA. In the presence
of p-BZQ, the removal efficiency of PRO decreased (Fig. 6 (d)) from 98%
(without quenching) to 51%, whereas negligible decrease in the removal
efficiency of ACT and BTA was observed. The substantial decrease in the
removal efficiency of all three OMPs in the presence of methanol sug-
gested that ¢OH were the dominating reactive specie for the oxidation of
all three OMPs. Similarly, the quenching results exhibited that the
oxidation of PRO and BTA was partially influenced by *O, and photo-
generated holes, respectively.

4. Conclusions

A BiVO4 photoanode was successfully fabricated by using a simple
and effective dip-coating method to deposit a BiVO4 photocatalytic layer
on FTO glass slides. SEM characterization showed a rough surface
morphology of the fabricated photoanode that was favourable for the
adsorption of OMP molecules. The rough and porous surface
morphology of the BiVO,4 photoanode played an important role for the
generation of reactive species at the photoanode-electrolyte interface.
Similarly, UV-Vis spectroscopy and IPCE measurements confirmed that
the fabricated photoanode absorbed light in the visible spectrum of the
solar irradiation for the in-situ generation of oxidants. The dip-coated
BiVO4 photoanode, used in the PEC-based AOP removal, simulta-
neously removed >70% of the selected OMPs from the solution after 2 h.
However, during the simultaneous removal, ACT and PRO showed faster
removal kinetics than BTA. The faster removal of ACT and PRO was most
likely due to their chemical structures and the presence of functional
groups that facilitate multiple oxidation pathways for the attack of
reactive species at the photoanode-electrolyte interface. Consequently,
BTA required about 67% more energy for its removal from the solution
than ACT and PRO. Findings of the quenching study revealed that ¢OH
radicals were the dominating reactive species in our research for the PEC
based simultaneous oxidation of the selected OMPs. The results obtained
in this study are promising and could be considered as a foundation step
towards the PEC-based simultaneous removal of multiple OMPs in
WWTP effluents.
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