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A B S T R A C T

In this study, we investigated the use of BiVO4/TiO2-GO heterojunction photoanode in a PEC based AOP to 
simultaneously remove four organic micropollutants (OMPs): benzotriazole (BTA), carbamazepine (CBZ), 
caffeine (CAF) and diclofenac (DIC) from demineralized water. Each OMP had an initial concentration of 40 µg 
L− 1. Ultrasonic spray pyrolysis (USP) was used to deposit BiVO4 and TiO2-GO layers on fluorine doped tin oxide 
(FTO) electrodes. The heterojunction photoanode at an applied voltage of 1 V (vs Ag/AgCl) achieved simulta
neous removal efficiencies of 100 % for DIC, 54 % for CBZ, 36 % for BTA and 33 % for BTA under simulated solar 
light. Compared to the pristine BiVO4 photoanode, the heterojunction photoanode showed 50 % higher removal 
efficiency for BTA, CBZ and CAF. The reaction kinetics revealed that the first order rate coefficient for DIC 
removal was about nine times higher than that of CBZ and fifteen times higher than those of BTA and CAF. To 
assess scalability, a computational fluid dynamics (CFD) model incorporating the experimentally determined 
reaction kinetics was developed for a conceptually designed up-scaled PEC reactor. The model analyzed the 
effect of reactor design and fluid flow conditions on the removal of OMPs. Under turbulent flow conditions, 
enhanced removal efficiency was observed for all four OMPs, which was attributed to the effects of eddy 
diffusion and convective mixing. The optimized reactor design under turbulent flow condition achieved an 80 % 
removal efficiency for all four OMPs within 25 min under a light intensity of 400 W m− 2. The findings highlight 
the potential of BiVO4/TiO2-GO heterojunction photoanodes for efficient and scalable PEC water treatment, 
showing a promising approach for the elimination of OMPs from wastewater.

1. Introduction

Organic micropollutants (OMPs) belong to an expanding range of 
organic pollutants that are present in water bodies due to industrial and 
human activities [1]. OMPs consist of a variety of organic compounds, 
which include pharmaceutical drugs, corrosion inhibitors, pesticides, 
surfactants and personal care products [2]. Depending on the 
geographical location and source of origin, OMPs are typically present 
within the range of ng L− 1 and µg L− 1 in the surface water [3]. Industrial 
and municipal wastewater treatment plant (WWTP) effluents are 
becoming a major contributor to the release of OMPs in the surface 
water [4]. Conventional wastewater treatment technologies are 

ineffective to completely remove OMPs from the wastewater [5], 
therefore, research efforts are increasing to enhance the existing tech
nologies to remove OMPs or to convert them into less harmful 
compounds.

Advanced oxidation processes (AOPs) and related technologies are 
effective for eliminating OMPs from industrial and municipal WWTP 
effluents [6,7]. Different AOPs such as ozonation [8], electrochemical 
oxidation [9], persulfate oxidation [10] and Fenton reactions [11] have 
been studied in the literature for the removal of organic pollutants 
(primarily pharmaceuticals) from aqueous solutions. However, these 
processes have several disadvantages including high power consump
tion, high chemical cost (particularly in persulfate oxidation, which 

* Corresponding author.
E-mail address: a.aghazeeshan@tudelft.nl (A.Z. Ali). 

Contents lists available at ScienceDirect

Chemical Engineering Journal Advances

journal homepage: www.sciencedirect.com/journal/chemical-engineering-journal-advances

https://doi.org/10.1016/j.ceja.2025.100721

https://orcid.org/0009-0003-1777-693X
https://orcid.org/0009-0003-1777-693X
https://orcid.org/0000-0002-9264-3673
https://orcid.org/0000-0002-9264-3673
https://orcid.org/0000-0003-0967-4776
https://orcid.org/0000-0003-0967-4776
https://orcid.org/0000-0002-9035-9417
https://orcid.org/0000-0002-9035-9417
mailto:a.aghazeeshan@tudelft.nl
www.sciencedirect.com/science/journal/26668211
https://www.sciencedirect.com/journal/chemical-engineering-journal-advances
https://doi.org/10.1016/j.ceja.2025.100721
https://doi.org/10.1016/j.ceja.2025.100721
http://creativecommons.org/licenses/by/4.0/


Chemical Engineering Journal Advances 22 (2025) 100721

2

requires a continuous supply of persulfate salts), short lifetime of reac
tive species, incomplete mineralization of pollutants leading to the 
formation of toxic byproducts, and pH dependency (as observed in both 
ozonation and Fenton reactions) [12]. Photoelectrocatalytic (PEC) 
based AOP is in its early stage of development. In PEC-based AOPs, 
semiconducting photocatalytic materials are used as anodes, facilitating 
the generation of hydroxyl radicals (•OH) and superoxide radicals (•O−

2 ) 
as primary oxidants in water [13]. The anode in a PEC cell, the photo
anode, coated with a photocatalytic material is in direct contact with the 
water containing the OMPs, and the removal reaction usually takes place 
within the close vicinity of the anode-electrolyte interface [14]. When 
solar light interacts with the photoanode, electron-hole pairs are 
generated. The holes oxidize water molecules to form •OH, while the 
electrons reduce dissolved oxygen, yielding •O−

2 . These photoinduced 
•OH and •O−

2 react with the OMP molecules through oxidative mecha
nisms and either completely oxidize them or convert them into less 
harmful products [13]. The main advantages of PEC based AOP over 
other AOPs are enhanced pollutant mineralization, lower energy con
sumption through the integration of solar energy, and efficient removal 
of emerging contaminants such as antibiotics and pesticides.

UV driven photocatalysts including titanium dioxide (TiO2) [15], 
tungsten trioxide (WO3) [16] and zinc oxide (ZnO) [17] have been 
extensively used for the removal of industrial dyes and pharmaceuticals 
(1–10 mg L− 1) in aqueous solution through PEC based AOP. A major 
drawback of using UV driven photocatalysts is that they have a wide 
band gap energy ranging from approximately 3.0 to 3.5 eV, which al
lows them to absorb only less than 10 % (180 – 400 nm) of the solar 
spectrum. Bismuth vanadate (BiVO₄), a photocatalyst activated by 
visible light, is emerging as an alternative to UV driven photocatalysts 
for PEC water treatment applications [18]. Studies have explored BiVO₄ 
based photoanodes for removing dyes and pharmaceuticals (concen
trations ranging from 1 to 10 mg/L) from aqueous solutions via PEC 
based AOPs [19,20]. However, the effectiveness of BiVO₄ photoanodes is 
hindered by the rapid recombination of photoinduced holes and elec
trons, which limits charge transport to the anode surface and reduces the 
formation of •OH and •O−

2 [21]. Applying a suitable external voltage to 
BiVO4 photoanode is one of the ways to reduce the rate of recombination 
and ultimately increase its removal efficiency. Combining BiVO4 with a 
different UV or visible light driven photocatalyst and thereby creating a 
heterojunction is also an effective way to reduce rate of recombination 
in BiVO4. In heterojunction photoanode, the photo-generated holes and 
electrons are separated from each other by travelling in opposite di
rection within the photocatalytic layers and increasing their lifetime to 
produce •OH and •O−

2 [22]. Graphene oxide (GO) is a photo active 
semi-conducting material with high specific area [23]. It is also used for 
water treatment applications either as a heterojunction photocatalyst 
with TiO2 or mixed in the TiO2 layer [24]. GO helps to increase the 
charge separation efficiency in heterojunction photoanodes and also 
increases the specific surface area for the adsorption of molecules of 
OMPs [23].

Benzotriazole (BTA) is a corrosion inhibitor mostly used in anti-icing 
fluids and dishwashing detergents [25]. Within the European Union, 
BTA is an emerging OMP that is frequently detected in surface water 
resources at concentrations ranging from 10 to 50 µg L− 1 [26]. Due to its 
low biodegradability and weak adsorption to organic matter, BTA is only 
partially removed during biological treatment in WWTPs [26]. 
UV/H2O2 [27] and photocatalytic [28] based AOPs have been employed 
to remove BTA (1–10 mg L− 1) from WWTP effluents. Carbamazepine 
(CBZ) is an anticonvulsant medicine that is a frequently detected OMP in 
surface water and WWTP effluents [29]. CBZ is resilient to chlorination 
and UV photolysis based water treatment processes, which is why it is 
only partially removed from the wastewater [30]. As a result of its 
partial removal in a WWTP, CBZ is released into the surface water 
through the WWTP effluent discharge. UV/chlorine [31] and electro
chemical based AOP [32] have been applied to remove CBZ (1–10 mg 

L− 1) from water. Caffeine (CAF) is a central nervous system stimulant 
that is extensively used to increase focus and reduce body fatigue [33]. 
CAF is also an emerging OMP in surface water resources because it is 
only partially removed by the conventional wastewater treatment 
technologies [34]. Chemical oxidation, ozonation [34] and photo
catalytic based AOP [35] have been applied in some studies for the 
removal of CAF (5–50 mg L− 1) from water. Diclofenac (DIC) is an 
anti-inflammatory drug and it is frequently detected as an OMP in the 
aquatic environment [36]. It is only partially removed during conven
tional wastewater treatment due to its low biodegradability [37], hence 
it is also released in the environment through WWTP effluent. Adsorp
tion and UV-A based treatment [38] have been used for the removal of 
DIC (10–50 mg L− 1) from water. A previous study conducted by the 
Dutch Ministry of Water and Infrastructure reported the presence of 
BTA, CBZ and DIC in WWTP effluents at concentrations below 5 µg L⁻¹ 
[39]. The presence and accumulation of BTA, CBZ, CAF and DIC in the 
surface water will become a major threat to human health and aquatic 
life. To the best of our knowledge, there is no publication available on 
the simultaneous removal of BTA, CBZ, CAF and DIC from either dem
ineralized water or WWTP effluent through PEC based AOP.

In this study, we investigated the application of BiVO4/TiO2-GO 
heterojunction photoanode for the simultaneous removal of BTA, CBZ, 
CAF and DIC from demineralized water. A starting concentration of 40 
µg L− 1 was used in this study because it was comparable to typical 
concentrations of the selected OMPs in surface water. Demineralized 
water was used in this study because it provided a controlled environ
ment in which we could investigate the effect of photoanode on the 
removal kinetics. The treated wastewater effluent may contain ions that 
can inhibit the production of reactive species and interfere with the PEC 
based AOP removal, therefore, demineralized water was used to deter
mine the effectiveness of BiVO4/TiO2-GO heterojunction photoanode for 
the removal of selected OMPs. Pristine BiVO4 photoanodes and BiVO4/ 
TiO2-GO photoanodes were fabricated by using ultrasonic spray pyrol
ysis (USP) method. The optical properties of fabricated photoanodes 
were analyzed to confirm the successful deposition of photocatalytic 
layers and the formation of heterojunctions, which enhance photo
catalytic activity. The photoanodes, specifically fabricated for this 
research, were used in a three electrode PEC cell. The removal reaction 
rate coefficient (k) of each OMP was determined by applying a suitable 
reaction kinetics model. Then the rate coefficient of each OMP was used 
in computational fluid dynamic (CFD) model to assess the removal of 
BTA, CBZ, CAF and DIC in an up-scaled PEC water treatment reactor 
(shown in the supplementary information Fig. S. 1). CFD is a valuable 
tool for assessing the flow behaviour of water in wastewater treatment 
processes [40]. CFD models are also used for assessing the removal of 
organic pollutants through a photocatalytic reaction, however, most 
models are based on the removal of only one organic pollutant with a 
relatively high starting concentration (>10 mg L− 1) [41–43]. There is a 
lack of literature available on the CFD modelling of a PEC based AOP 
removal of multiple OMPs. This study used a novel approach of using 
CFD simulation for simultaneous removal of BTA, CBZ, CAF and DIC in a 
PEC water treatment reactor.

2. Materials and methods

2.1. BiVO4/TiO2-GO photoanode preparation

The BiVO4 and TiO2-GO photocatalytic layers were deposited on an 
FTO glass surface (40 mm x 40 mm, 7 Ω/square, Luoyang Guluo glass 
Co., Ltd., China) by ultrasonic spray pyrolysis (USP) method. The FTO 
glass was first ultra-sonicated in acetone for 5 mins and then rinsed with 
demineralized water to clean the surface. The spray precursor solution 
for BiVO4 layer was prepared as follows. 0.02 M bismuth nitrate pen
tahydrate (Bi(NO3)3⋅5H2O (99 % Sigma Aldrich)) was dissolved in 10 
mL acetic acid (CH3COOH (98 % Sigma Aldrich)) and an equimolar 
amount of vanadyl acetylacetonate (VO(AcAc)2 (99 % Sigma Aldrich)) 
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was dissolved in 20 mL demineralised 1:1 (v:v) water-ethanol mixture. 
The precursor solution was then made by mixing above solutions 
together slowly to form a clear blue homogenous solution. The spray 
coating process was carried out by an ultrasonic spray system (MSK- 
USP-ST1, MTI Corporation, USA). A multistage X-Y axis CNC controller 
was used in this system to control the progressive scanning motion of the 
nozzle using a set of programmed X–Y linear motion stages. The distance 
between the titanium alloy cylindrical spray nozzle and the substrate 
was 10 cm and the FTO substrate was kept at 300 ◦C on a hot plate (EQ- 
HP-1515-LD, MTI Corporation, USA) in an open atmosphere. The nozzle 
was fixed to a 0.05 W digital ultrasonic generator (MSK-SP-01A, MTI 
Corporation, USA) and the feeding rate of the precursor solution was set 
at 0.3 mL/h by a syringe pump (NE-1010, ProSense B.V., the 
Netherlands). The pressure of the compressed air acting as a carrier gas 
was fixed at 0.25 bar. The spray coating process was conducted twice to 
form the homogeneous nanostructured BiVO4 film. Subsequently, the 
prepared BiVO4 photoanodes were annealed at 460 ◦C for 2 h with a 
ramping rate of 2 ◦C per minute. To prepare the spray precursor solution 
for TiO2-GO film on previously prepared BiVO4 photoanodes, 0.001 M 
nano GO powder (Suzhou Tanfeng Graphene Technology Co., Ltd., 
China) was first dispersed in 30 mL demineralised 1:9 (v:v) water and 
ethanol mixture and ultra-sonicated for 1 h. Then 0.02 M P25 TiO2 nano 
powder (Tianjin Baima Technology Co., Ltd., China) was added into the 
above mixture and then stirred for 2 h and ultra-sonicated again for 1 h. 
The spray coating method was the same as for the BiVO4 film, except 
that the temperature of the heating plate was 150 ◦C. Finally, the pre
pared electrodes were annealed at 500 ◦C for 1 h in the oven with ramp 
rate of 5 ◦C per minute and used for further characterizations and 
degradation experiments.

2.2. Structural characterization

The phase composition of the fabricated photoanodes was identified 
using X-Ray diffraction (XRD) technique. A detailed description of the 
XRD parameter is provided in our previous publication [44].

2.3. Optical characterization

The absorbance spectra of the fabricated photoanodes were obtained 
between 300 and 700 nm (5 nm step size) by using diffusive reflectance 
UV–vis spectroscopy (The LAMBDA 1050+ UV/Vis/NIR spectropho
tometer, UV Winlab software).

2.4. Photo-electrocatalytic (PEC) experiments

Photo-electrocatalytic (PEC) based simultaneous removal of four 
OMPs (BTA, CBZ, CAF and DIC) was carried out by using the prepared 
photoanodes in combination with a Autolab potentiostat 
(PGSTAT128N) in a three electrode configuration set-up. A quartz 
reactor cell containing three electrodes and 167 mL of electrolyte so
lution was used for the PEC experiments. A 0.1 M Na2SO4 solution was 
prepared with demineralized water and used as the electrolyte for the 
experiments. Each OMP was then added to the electrolyte to achieve a 
concentration of 40 µg L− 1. The starting pH of the electrolyte was set at 
5.1 by adding 0.2 mL of 0.5 M nitric acid (HNO3) to facilitate a higher in- 
situ production of hydroxyl radicals (•OH). The experimental setup 
included fabricated photoanodes as the working electrode, an Ag/AgCl 
(3.0 M KCl) electrode as the reference electrode, and a graphite plate 
(40×40 mm) as the counter electrode. During the removal experiments, 
a constant voltage of 1 V vs. Ag/AgCl was applied to reduce the 
recombination rate in the photoanodes. Solar simulator (SUNTEST 
XXL+) equipped with three air-cooled 1700 W Xenon lamps, which 
produced a light spectrum equivalent to 1 sun was used as the illumi
nation source. The intensity of emitted light between 300 and 400 nm 
was 60 W/m2 and the distance between the light source and the pho
toanode was 23 cm. During the experiments the reaction solution was 

constantly stirred at 600 rpm with the help of a magnetic stirrer to 
enhance the transport of OMPs molecules from the bulk towards the 
surface of the photoanode. During the Pec experiment, the temperature 
of the quartz reactor cell was maintained at 25 ◦C (±2 ◦C) by using a 
temperature controlling bath. Each experiment ran for 3 h and samples 
were taken at an interval of 30 min for the measurement of DIC, BTA, 
CAF and CBZ concentration. Photolysis experiments were conducted to 
investigate the simultaneous removal of OMPs in demineralized water as 
a result of direct irradiation in the absence of a photoanode. For the 
photolysis experiment, the total duration was 3 hr and the starting 
concentration of each OMP was 40 µg L− 1 in demineralized water. 
Reusability experiments were conducted using a BiVO₄/TiO₂-GO heter
ojunction photoanode over three consecutive removal experiments of 3 
hours each. Each OMP had an initial concentration of 40 µg L− 1 in 
demineralized water. Between each experiment, the photoanode was 
rinsed with demineralized water to remove any adsorbed OMPs from its 
surface.

2.5. Analytical measurement of OMPs

The concentrations of OMPs in the samples were determined using 
liquid chromatography coupled with tandem triple quadrupole mass 
spectrometry (LC-MS). A Waters Acquity UPLC BEH C18 column was 
used for the analysis of BTA, CAF, CBZ, and DIC. Prior to analysis, all 
samples were filtered through 0.2 μm glass fiber filters (GF-75, 
ADVANTEC®, Japan). Subsequently, 495 μL of the filtered sample so
lution was combined with 5 μL of an internal standard calibration so
lution in LC-MS sample vials. After thorough mixing, the LC-MS system 
quantified the target compounds in the samples. The removal efficiency 
of the photoanodes, based on the concentrations of the target com
pounds, was determined using the following equation: 

Removal efficiency (%) =

(

1 −
Ct

C0

)

× 100 (1) 

where C0 = Initial concentration at time t=0 and Ct = Concentration at 
time t.

2.6. CFD modelling of photoelectrocatalytic (PEC) water treatment 
reactor

A CFD model was used to simulate a full-scale reactor by using the 
results from the lab-scale reactor cell discussed in Section 3.2. A 
conceptually designed photo-electrocatalytic water treatment reactor, 
as shown in Fig. S. 1 of the supplementary information, was used for the 
CFD simulation by using COMSOL multi-physics software. The reactor 
was conceptually designed to remove BTA, CBZ, CAF and DIC from 
water, with the target of at least 80 % removal. In this design, the water 
stored in a storage tank is pumped into the reactor, where the photo- 
electrocatalytic oxidation reaction (OMP removal reaction) takes place 
in the vicinity of the photoanode surface. The reactor is cylindrical and 
made up of a transparent material (i.e quartz) so that the incoming solar 
light can reach the photoanode. The photoanode inside the reactor has 
also a hollow cylindrical shape and is made up of heterojunction BiVO4/ 
TiO2-GO to minimize the rate of recombination and enhance photo
electrocatalytic removal. Graphite is used as cathode in the reactor and a 
solar trough (aluminium or silver) is used to concentrate the solar light 
towards the reactor to achieve maximum absorbance of photons by the 
heterojunction photoanode. A recirculation loop after the outlet of the 
reactor is provided to ensure sufficient reaction time while maintaining 
a higher velocity to have a better mixing and minimize the partial 
diffusion controlled reaction [45,46]. In the recirculation loop, the 
outgoing water is recirculated with same initial flow rate from the inlet 
of the reactor, the recirculation is carried out until the removal effi
ciency of the photoanode for each OMP is 80 %. The CFD model was 
used to calculate the removal efficiency after the first circulation of 
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water in the reactor, the removal efficiency (percentage removal) in 
each recirculation was regarded the same as of the first circulation, 
assuming a perfect mixing in the recirculation piping and first-order 
reactions (removal efficiency independent of the initial concentration 
of OMP). Furthermore, a current density of 2.82 A m− 2 was applied to 
the photoanode to enhance the kinetics of the removal reaction and to 
minimize the rate of recombination in the heterojunction photoanode. 
The value of 2.82 A m− 2 was chosen because it corresponds to the 
current density at 1 V (vs Ag/AgCl) in the laboratory removal 
experiments.

COMOL Multiphysics software (v6.2)1 was used to calculate the 
simultaneous removal of BTA, CBZ, CAF and DIC having a starting 
concentration of 40 µg L− 1 in water. The following surface reaction flux 
equation was derived from the lab experiments (k values in Table 1) to 
calculate the removal of OMPs in CFD simulations [47]. 

Nsurf = K∗
surf × Ic × IL × C

(
mol. m− 2.s− 1) (2) 

Where
Nsurf = Surface reaction flux used to calculate the removal of OMPs at 

the surface of photoanode.
K∗

surf = experimental removal kinetic coefficient including the effect 
of current density and light intensity (m5 .A− 1. W− 1. s− 1)

Ic = Current density (A m− 2)
IL = Solar light intensity (W m− 2)
C = Concentration of OMPs at the surface of the photoanode (mol 

m− 3)
Laminar flow and turbulent flow multiphysics packages were used in 

COMSOL to simulate the flow of water inside the reactor in laminar and 
turbulent flow conditions. Transport of dilute species (tds) package was 
used to calculate the removal of OMPs. At the cathode, photoanode and 
outer walls no slip wall conditions with default wall equations were used 
as boundary conditions in both laminar and turbulent flow. Similarly, 
normal inflow velocity with default settings was used at the inlet for 
both turbulent and laminar flow. Normal static pressure flow (value =
0 Pa) was used as a boundary condition for the outlet in turbulent and 
laminar flow conditions. For transport of dilute species (tds), at the 
cathode and outer walls, concentration constraint was used as a 
boundary condition. At the photoanode surface reaction flux given in 
Eq. 2 was used as condition. At the inlet, the starting concentration of 
the OMPs were set as boundary conditions. The important parameters 
used in the CFD simulations are listed in Table 1 of the supplementary 
information. The 2D geometrical shape shown in Fig. 1 (a) was used for 
2D simulations. The length of photoanode and cathode were both 1.8 m, 
the height of cathode was set at 0.05 m. The 3D geometrical shape 
shown in Fig. 1 (b) was used for 3D simulations. The photoanode 
thickness was set at 0.005 m, with a total available reaction surface area 
(including both inner and outer surfaces) of 1.07 m². The overall reactor 
volume was 0.050 m³, whereas the effective flow volume, excluding the 
solid cylindrical cathode, was 0.046 m³. The resulting surface area to 
volume ratio was calculated as 23.2. Mesh element size was set as 
normal for both 2D and 2D simulations, the number of mesh elements 

for 2D configuration was around 50,000 and for 3D configuration it was 
around 2 million mesh elements.

3. Results and discussion

3.1. Structural characterization

The crystallinity and phase composition of all the fabricated photo
anodes were characterized using XRD. The XRD patterns of GO, BiVO4, 
TiO2-GO and BiVO4/TiO2-GO photoanodes are shown in Fig. 2. The 
diffraction pattern of pristine BiVO4 photoanode showed fourteen broad 
peaks with 2θ value at 18.8◦, 19.1◦, 29.0◦, 30.6◦, 34.6◦, 35.3◦, 39.9◦, 
42.5◦, 46.9◦, 47.4◦, 50.4◦, 53.4◦, 58.6◦ and 59.5◦, which corresponds to 
the monoclinic scheelite phase of BiVO4 (JCPDS Card No. 75–1867) 
[48]. The XRD pattern of the TiO2-GO photoanode showed peaks at 
25.3◦, 37.7◦, 48.1◦, 53.9◦, 55.1◦and 62.7◦, which are characteristic 
peaks of anatase TiO2 (JCPDS Card No. 88–1175). Aditionally, the 
diffraction peaks at 27.4◦, 36◦, 41.2◦and 56.6◦ are related to rutile TiO2 
(JCPDS Card No. 84–1286) [49]. The XRD pattern of the pure GO sample 
showed a minor peak at 9◦ (inset of Fig. 1), which is in accordance with a 
previous study [50]. The XRD pattern of BiVO4/TiO2-GO photoanode 
showed diffraction peaks of both BiVO4 and TiO2, however, the intensity 
of BiVO4 was decreased because TiO2-GO was deposited on top of the 
BiVO4 photocatalytic layer. The GO diffraction peak in BiVO4/TiO2-GO 
photoanode could not be detected due to the lower concentration of GO 
in the TiO2 matrix.

3.2. Optical properties of the fabricated photoanodes

The optical properties of the fabricated photoanodes were charac
terized using UV visible diffuse reflectance spectroscopy. Fig. 3 presents 
the absorbance spectra of BiVO4, TiO2, TiO2-GO and BiVO4/TiO2-GO 
photoanodes. We observed that both the pristine BiVO₄ photoanode and 
the heterojunction BiVO₄/TiO₂-GO photoanode absorbed photons 
within the UV-visible range of the solar spectrum. In contrast, pristine 
TiO₂ and TiO₂-GO photoanodes showed absorption limited to the UV 
region, consistent with literature studies that attribute this behaviour to 
the intrinsic bandgap of TiO₂ and GO, which restricts photon absorption 
to the UV spectrum [51,52]. The combination of UV absorbing TiO2 with 
BiVO₄ resulted in a heterojunction photoanode capable of absorbing 
both UV and visible light. This configuration demonstrated a lower 
recombination rate of photogenerated charge carriers compared to the 
pristine BiVO₄ photoanode [53]. Overall, the UV visible reflectance 
spectroscopy results confirmed the successful fabrication of the 
BiVO₄/TiO₂-GO heterojunction photoanode, which is driven by 
UV-visible light. Combining UV light absorbing TiO2 and BiVO4 layer 
resulted in the UV-visible absorbing heterojunction photoanode, which 
has lower rate of recombination of photogenerated charge carriers as 
compared to pristine BiVO4 layer [53]. Overall, the results of UV visible 
reflectance spectroscopy results confirmed the successful fabrication of 
the BiVO₄/TiO₂-GO heterojunction photoanode, which is driven by 
UV-visible light.

3.3. Photoelectrocatalytic removal of selected OMPs

Fig. S. 2 in the supplementary information shows the removal effi
ciencies of the selected OMPs as a result of photolysis under simulated 
solar light. After 3 hr of photolysis, removal efficiency of BTA, CBZ and 
CAF was less than 10 % and DIC showed a removal efficiency of 60 %. 
The higher removal efficiency of DIC after photolysis is consistent with 
the literature because it absorbs photons within the UV range of the solar 
spectrum [38]. The low removal efficiency of BTA, CBZ and CAF is also 
in line with the literature because their removal reaction kinetics is very 
slow under simulated solar light [54,55]. Fig. 4 (a) shows the removal 
efficiency of pristine BiVO4 and heterojunction BiVO4/TiO2-GO photo
anodes for the simultaneous PEC removal of BTA, CBZ, CAF and DIC in 

Table 1 
First order rate coefficients (k) of DIC, CBZ, BTA and CAF after 3 hr of treatment.

OMP k (x 10− 2 min− 1) Standard Error R2

Diclofenac (DIC) 3.90 1.18×10− 4 0,9997
Carbamazepine (CBZ) 0.430 1.41×10− 4 0,9697
Benzotriazole (BTA) 0.260 2.00×10− 4 0,9477
Caffeine (CAF) 0.240 5.10×10− 4 0,9571

1 COMSOL Multiphysics v.6.2. ww.comsol.com. COMSOL AB, Stockholm, 
Sweden.
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demineralized water. Compared to the pristine BiVO4 photoanode, the 
BiVO4/TiO2-GO photoanode showed 50 % higher removal efficiency for 
BTA, CBZ and CAF. This difference in the removal efficiency was 
attributed to the formation of a heterojunction between the BiVO4 and 
TiO2-GO photocatalytic layers, which resulted in a reduction in the 
recombination rate of photogenerated electron-hole pairs. The coupling 
of photocatalytic layers of BiVO4 and TiO2-GO resulted in a built-in 
electric field in the BiVO4/TiO2-GO heterojunction [56]. After the irra
diation of the photoanode under UV-visible light, the photogenerated 
electrons in the conduction band of BiVO4 were transferred to the con
duction band of TiO2 under the influence of the heterojunction. At the 
same time, the high energy holes in the valence band of the TiO2 were 
transferred to the valence band of BiVO4 [57]. This improved separation 
of photogenerated charge carriers, reduced the recombination rate and 
increased the in-situ production of reactive species (•OH and •O−

2 ), 
which ultimately enhanced the overall removal of OMPs.

Fig. S. 3 in the supplementary information shows the average 

removal efficiency of the heterojunction BiVO4/TiO2-GO photoanode 
for all four OMPS based on triplicate experiments, along with the cor
responding standard errors. Fig 4 (b) shows the fitting of the first order 
reaction rate equation (C/C0=e− kt) for the selected OMPs to determine 
the rate coefficient (k) for the selected OMPs. The first order rate co
efficients of BTA, CBZ, CAF and DIC are shown in Table 1. The rate 
coefficient of DIC was higher than that of CBZ, CAF and BTA. Fig. 4 (b) 
also shows the normalized removal of BTA, CBZ, CAF and DIC in dem
ineralized water by using heterojunction BiVO4/TiO2-GO photoanode at 
an applied voltage of 1 V (vs Ag/AgCl as the reference electrode). Fig. 3
(b) shows that the pattern of normalized removal of the selected OMPs 
varies, DIC showed a faster removal compared to the other OMPs. The 
removal kinetics of CAF and BTA were almost equal whereas the 
removal kinetics of CBZ was higher compared to CAF and BTA. DIC 
showed faster removal kinetics compared to other OMPs because of the 
combination of photolysis and PEC based AOP removal reaction. The 
difference in the normalized removal of the selected OMPs was probably 
due to the chemical structure of the selected OMPs. Diclofenac (DIC) has 

Fig. 1. Geometrical shape of the photo-electrocatalytic reactor used in 2D (a) and 3D (b) CFD simulations.

Fig. 2. XRD patterns of BiVO4, GO, TiO2-GO and BiVO4/TiO2-GO photoanodes 
showing characteristic diffraction peaks.

Fig. 3. UV-Visible absorbance spectrums of BiVO4, TiO2, TiO2-Go and BiVO4/ 
TiO2-GO photoanodes showing absorbance pattern of the fabricated 
photoanodes.
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a secondary amine group that serves as an electron donating group, 
making it susceptible to the attack by •OH and •O−

2 radicals. The 
oxidation reaction is likely initiated by the C-N bond cleavage due to 
radical (•OH and •O−

2 ) attack, resulting in the formation of 2,6-dichlor
oaniline as a primary intermediate [58]. Similarly, the presence of 
amine groups and olefinic bonds in CBZ made it more susceptible to the 
attack by •OH and •O−

2 radicals compared to CAF and BTA, which have a 
deficiency of electron donating functional groups. The degradation 
pathway of benzotriazole (BTA) is likely influenced by hydroxylation, 
addition, and cleavage of the phenyl ring, facilitated by •OH [59]. The 
process could be initiated by hydroxyl radicals (•OH) attacking the re
gions of high electron density within the BTA molecule, leading to the 
formation of hydroxylated intermediates. Subsequently, ring opening 
reactions can occur, resulting in the generation of aldehyde- and 
carboxyl- containing intermediates, ultimately leading to complete 
mineralization [60]. In CBZ, the olefinic double bond is most likely the 
primary reactive site that initiates the radical (•OH and •O−

2 ) attack on 
the CBZ molecule [61]. This initial reaction triggers a series of oxidative 
transformations, leading to the breakdown of CBZ into short-chain fatty 
acids or other small organic intermediates until its complete minerali
zation [62]. For the removal of CAF, the oxidation is most likely initiated 
by the •OH attack on the carbon-carbon double bond ? [63]. After a 
series of successive hydroxylation and oxidation reactions, dime
thylparabanic acid and di (hydroxymethyl) parabanic acid can be 
formed as the main intermediates [64]. These intermediates can un
dergo further oxidation and gradually be completely mineralized. This 
difference in the chemical characteristics and degradation pathways of 
the OMPs led to the difference in reaction rate coefficient of reactive 
species (•OH and •O−

2 radicals) with the OMPs, which ultimately resul
ted in different removal kinetics of the OMPs during 3 hr of treatment 
time. Based on literature, the reaction rate coefficients (K.

OH) of the •OH 
with the selected OMPs are different for each OMP. DIC has the highest 
K.

OH (8.38×109 L mol− 1 s− 1) followed by CBZ (8.02×109 L mol− 1 s− 1), 
BTA (7.6×109 L mol− 1 s− 1) and CAF (6.40×109 L mol− 1 s− 1) [65,66]. 
Moreover, there is also a possibility of direct oxidation of OMPs by the 
photogenerated holes generated in the heterojunction photoanode [13]. 
The difference in the chemical structure could also influence the direct 
oxidation of the selected OMPs by the photogenerated holes [19]. 
Similarly, the difference in the K values of the OMPs was attributed to 
the difference in their chemical structures, which affected their reac
tivity with the •OH, •O−

2 and photo-generated holes.
The rate coefficients presented in Table 1 are comparable to, or 

higher than, those reported in previous studies using PEC based AOP for 
the removal of different pharmaceuticals such as sulfamethoxazole (10 
mg L− 1; k = 7.40×10− 3 min− 1) [67], bisphenol A (10 mg L− 1; k =

4.1×10− 2 min− 1) [18], norfloxacin (10 mg L− 1; k = 6.41×10− 3 min− 1) 
[68], tetracycline hydrochloride (20 mg L− 1; k = 6.42×10− 2 min− 1) 
[69], ciprofloxacin (10 mg L− 1; k = 6.05×10− 3 min− 1) [70] and dyes 
such as orange II (20 mg L− 1; k = 1.40×10− 2 min− 1) [71] and rhoda
mine B (10 mg L− 1; k = 7.32×10− 3 min− 1) [68]. Although these studies 
used pollutant concentrations ranging from 8 and 20 mg L− 1, The cor
responding first order rate coefficients are not significantly higher than 
those in our work. Furthermore, most studies used an external bias be
tween 1 and 2 V vs Ag/AgCl and achieved approximately 80 % removal 
of pollutants within an average time of about 2.5 hours. In this study 
PEC based simultaneous removal of BTA, CAF, CBZ and DIC showed 
similar removal kinetics to those reported in the literature under com
parable electrical energy inputs. The results of the reusability experi
ments are shown in Fig. S. 4 of the supplementary information. 
Heterojunction photoanode showed good reusability performance as the 
removal efficiency was only 12 % lower for CBZ and 8 % for BTA, CAF 
and DIC after the three consecutive experiments. This decrease in the 
efficiency was most likely due to the adsorption of unoxidized inter
mediate product molecules within the surface cracks of the photoanode, 
reducing the active surface area available for the production of reactive 
species (•OH and •O−

2 ).

3.4. CFD simulation

The CFD simulations were first carried out in 2D geometry by con
structing a geometry as shown in Fig. 4 (a). In this geometry, water 
entered from the inlet (left side), and the removal reaction took place at 
the photoanode. The distance between the anode and cathode was fixed 
at 5 cm, and the distance between the photoanode and the outer wall of 
the reactor was fixed at 10 cm. Laminar flow regime (28 L/min) and 
turbulent flow regime (61.6 L/min) were tested in the 2D geometry to 
assess the effect of flow conditions on the overall removal of the OMPs. 
The Reynolds number (Re) for the system was calculated using the 
reactor diameter as the characteristic length and the inlet velocity, with 
the properties of the working fluid taken into account. For the laminar 
flow regime, the Re was calculated as 1415, while for the turbulent flow 
regime, it was 3112. Further details on the Re calculations are provided 
in the supplementary information (Fig. S. 5, Fig. S. 6). In our CFD sim
ulations, the selection of boundary conditions was based on both the 
physical principles controlling the fluid flow and established modelling 
practices [72]. No-slip wall conditions were applied to the cathode, 
photoanode and outer walls to accurately capture boundary layer for
mation and shear stress effects. The inlet velocity and outlet pressure 
conditions were specified based on experimental and design parameters 
to ensure realistic flow field development. These carefully chosen 

Fig. 4. (a) Comparison of removal efficiencies achieved by BiVO4 and BiVO4/TiO2-GO photoanode for DIC, CBZ, CAF and BTA after 3 hr of removal experiments (b) 
Normalized removal profiles of DIC, CBZ, CAF and BTA using BiVO4/TiO2-GO photoanode, along with the corresponding fit to a first order reaction model.
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conditions played a critical role in determining mass transfer rates, re
action kinetics and overall reactor performance. These boundary con
ditions played a major role in minimizing numerical errors and 
enhancing simulation reliability.

Fig. 5 (a) shows the concentration profile of DIC in turbulent flow 
regime after a single pass. The concentration profile in laminar flow 
regime indicated that the DIC concentration only decreased within the 
vicinity of the photoanode, removal efficiency of DIC in laminar flow 
regime was 11 % as shown in table next to Fig. 5 (a). The concentration 
profiles of other OMPs were similar in the vicinity of the photoanode, 
indicating that there was no removal in the bulk solution due to the short 
lifetime of •OH and •O−

2 radicals further away from the photoanode. In 
turbulent flow regime the removal of OMPs was enhanced as shown in 
table next to Fig. 5 (a) likely due to better mixing and diffusion of OMP 
molecules from the bulk towards the surface of the photoanode. The 
residence time in turbulent flow conditions was lower compared to 
laminar flow due to higher flow rate. In turbulent flow conditions, the 
removal of OMPs after two circulations are shown in the tables next to 
Fig. 5 (a), (b) and (c) to compare the removal in laminar flow conditions 
within same residence time. To increase the diffusion of OMP molecules 
from the bulk to the surface of the photoanode, a different design with 
inlet in the bottom, as shown in Fig. 5 (b), was tested in both laminar and 
turbulent flow regimes. Again, the turbulent flow regime showed better 
removal of OMPs compared to laminar flow conditions as shown in table 
next to Fig. 5 (b). To confirm the positive effect of mixing on the removal 
efficiency of OMPs, a design as shown in Fig. 5 (c) with increased ob
stacles was tested in both laminar and turbulent flow regimes. The 

design shown in Fig. 5 (c) was tested to observe the effect of additional 
mixing on the reactor’s removal efficiency. The practical implementa
tion of that design for the construction of the reactor would be quite 
challenging. The enhanced OMPs removal under turbulent flow regime 
is due to different factors, which include convective mass transfer, 
diffusion rates, hydrodynamic conditions and surface interactions [73]. 
Mass transfer is a critical factor in PEC based AOPs, as OMP removal is 
dependent on the transport of OMP molecules to the photoanode surface 
where the oxidation reaction occurs [12]. In laminar flow, mass trans
port was controlled by molecular diffusion, resulting in the formation of 
a thick concentration boundary layer at the photoanode-electrolyte 
interface. This boundary layer could have acted as a barrier to the 
transport of OMP molecules, thereby limiting reaction rates. The tur
bulent flow induced eddy diffusion and convective mixing, which 
reduced the thickness of the concentration boundary layer. The ratio of 
convective to diffusive mass transfer increases under turbulent condi
tions, which results in a higher mass transfer coefficient [74]. As a result, 
the OMP removal was enhanced due to the increased mass transfer of 
OMPs reaching the photoanode surface. Moreover, the diffusion of 
reactive species (•OH and •O−

2 ) is also enhanced under turbulent flow 
condition [72]. Turbulent flow could also prevent the excessive accu
mulation of reaction intermediates at the photoanode surface, thereby 
maintaining the high catalytic activity of the photocatalysts. Fig. 5 (d) 
shows a more practical design for the construction of the reactor, and it 
was tested to investigate the effect of decreasing the distance between 
the outer wall of the reactor and the photoanode (referred to as depth) of 
the reactor on the residence time and removal of OMPs under turbulent 

Fig. 5. Different designs tested using CFD in 2D geometry along with the removal performance (tables on right) in turbulent and laminar flow conditions.
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flow regime. Table 2 shows the effect of changing the depth of the 
reactor on the removal of OMPs. By decreasing the depth of the reactor 
the velocity increased and residence time (treatment time) decreased, 
without affecting the removal of OMPs after a single treatment pass. The 
removal remained unchanged because the shorter residence time is 
compensated by a decreasing bulk zone (without reaction), allowing 
more surface reaction at the photoanode. The number of recirculations 
to achieve 80 % removal was not reduced by decreasing the depth of the 
reactor. However, the total treatment time for 80 % removal was 
reduced by 60 % when the depth was changed from 0.10 m to 0.02 m, 
because the velocity increases when the depth decreases. Achieving a 
depth of 0.02 m would be quite challenging during the construction of 
the reactor. Nevertheless, a depth in the range of 0.05 – 0.06 m would be 
more practical for the construction of the reactor.

For the 3D simulation, the design shown in Fig. 1 (b) was used and it 
was based upon the design in 2D shown in Fig. 5 (d). Turbulent flow 
regime (61.6 L/min) was used to simulate photo-electrocatalytic 
removal of OMPs. The simulated results are depicted in Fig. 6 (a) as a 
cross-sectional view through the central axis of the cylindrical reactor, 
displaying the concentration profile of DIC along its length. It was 
observed in Fig. 6 (a) that the concentrations of OMPs are higher at the 
inner side of the photoanode. This limited removal of OMPs at the inner 
side of photoanode was attributed to the high flow velocity at the inner 
side compared to the outer side of photoanode, as shown in the velocity 
profile (Fig. 6 (b)). To achieve a more uniform velocity profile in the 
reactor, the inlet pipe diameter was increased and set equal to the 
diameter of the reactor. Fig. 6 (c) shows the concentration profile of DIC 
with the inlet pipe diameter equal to the diameter of the reactor. 
Increasing the diameter of the inlet pipe had a negative impact on the 
removal efficiency of the reactor because the flow velocity (Fig. 6 (d)) 
was higher at the outer side of the photoanode, leading to lower removal 
of OMPs at the outer side of the photoanode compared to the inner side. 
The removal of all OMPs was lower and the number of recirculations for 
80 % removal along with the total treatment time also increased 
compared to the first configuration (Fig. 6 (a)), as shown in Table 3. In 
the next step, the diameter of the photoanode was increased to 0.14 m to 
allow for a more uniform distribution of flow and to increase the surface 
area of the photoanode. The diameter of the inlet pipe was set equal to 
the diameter of the reactor. Fig. 6 (e) shows the sliced concentration 
profile of DIC with increased diameter of photoanode. This had a posi
tive impact on the removal performance (Table 3) of the reactor as the 
total treatment time was reduced by 43 %, compared to the previous two 
configurations (Fig. 6 (a) and Fig. 6 (c)). Moreover, the flow velocity 
(Fig. 6 (f)) was more uniform inside the reactor compared to first (Fig. 6
(a)) and second configuration (Fig. 6 (c)). Therefore, the results of the 
third configuration were regarded as more efficient and applicable for 
pilot testing and experimental validation. The effect of light intensity on 
the optimized configuration was also tested in 3D simulation. Table 2 in 
the supplementary information highlights the impact of light intensity 
on the removal efficiency of the PEC reactor. A notable reduction in the 
removal of OMPs was observed when the light intensity was lowered 
from 400 W m⁻² to 100 W m⁻². At lower intensity, the production yield of 

•OH and •O−
2 is decreased, therefore, the removal kinetics also slows 

down which decreases the removal [19]. With lower light intensity of 
100 W m− 2, the total time for 80 % removal of OMPs was also more than 
three times higher compared to 400 W m− 2. This effect of light intensity 
on the removal efficiency of the reactor could be regarded as a limitation 
of the PEC based AOP removal.

In our study, the CFD simulations primarily considered fluid flow 
conditions, reactor depth and light intensity as the main variables in the 
model. Incorporating additional variables such as electrode arrange
ment, light intensity distribution, and chemical reaction kinetics into the 
model would provide deeper insights into reactor optimization. These 
factors could be crucial for maximizing removal efficiency and scal
ability. However, their inclusion would require the development of 
coupled multi-physics models, which is beyond the scope of the current 
study. For the CFD simulations, our primary objective was to simulate 
the photo-electrochemical environment and hydrodynamic conditions. 
We suggest that future work should address these additional variables to 
enhance model robustness and further optimize reactor design.

Several challenges must be addressed to translate CFD simulations 
into practical larger scale applications. The prolonged use of the heter
ojunction photoanode can lead to material degradation, particularly 
during the time of high intensity solar irradiation and high flow rate. 
Strategies such as the development of (porous) protective coatings are 
crucial to enhance the long-term stability of the photoanode. Similarly, 
the photoanode in the PEC reactor would be susceptible to fouling 
(including biofilm growth) and organic matter deposition. The effective 
use of hydrodynamic shear forces, periodic electrode cleaning and 
antifouling coatings is necessary to address these issues. The energy 
consumption of large scale PEC reactors is a critical factor in assessing 
their environmental impact and sustainability. Renewable energy inte
gration and process optimization can minimize environmental impacts. 
Moreover, the stability of photoanodes in large scale reactors under long 
term operation must be evaluated to prevent secondary pollution from 
photocatalyst degradation.

4. Conclusions

In this investigation, a heterojunction BiVO₄/TiO₂-GO photoanode 
was successfully fabricated using an ultrasonic spray pyrolysis (USP) 
process. Characterization via XRD and UV-visible diffusive reflectance 
spectroscopy confirmed the formation of UV-visible light absorbing 
heterojunction photoanodes. The heterojunction photoanode at an 
applied voltage of 1 V (vs Ag/AgCl) achieved simultaneous removal 
efficiencies of 100 % for DIC, 54 % for CBZ, 36 % for BTA and 33 % for 
BTA under simulated solar light. The heterojunction photoanode 
demonstrated a 50 % increase in the removal efficiency for BTA, CBZ, 
and CAF compared to the pristine BiVO₄ photoanode. This increase in 
the removal efficiency was attributed to the improved charge separation 
in the heterojunction photoanode.

CFD simulations provided further insight into the reactor perfor
mance by elucidating the effects of flow dynamics on mass transport 
phenomena. Specifically, the simulations revealed that a turbulent flow 

Tabel 2 
Effect of depth of reactor (as shown in Fig. 3 (d)) on the residence time and removal performance of the reactor towards 80 % removal of DIC, CBZ, CAF and BTA.

Depth 
(m)

Residence Time 
(min)

CAF Removal 
(%)

BTA Removal 
(%)

CBZ Removal 
(%)

DIC Removal 
(%)

No. Of Circulations For 80% 
Removal

Total Time For 80% 
Removal

0.1 1.94 5.0 5.4 8.6 30 32 61 min
0.09 1.78 5.0 5.4 8.6 30 32 57 min
0.08 1.63 5.0 5.4 8.6 30 32 52 min
0.07 1.48 5.0 5.4 8.6 30 32 47 min
0.06 1.33 5.0 5.4 8.6 30 32 42 min
0.05 1.17 5.0 5.4 8.6 30 32 37 min
0.04 1.02 5.0 5.4 8.6 30 32 33 min
0.03 0.87 5.0 5.4 8.6 30 32 28 min
0.02 0.71 5.0 5.4 8.6 30 32 23 min
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regime substantially enhanced the diffusion of OMP molecules from the 
bulk solution to the photoanode surface, compared to a laminar flow 
regime. Under a uniform flow velocity profile and at a light intensity of 
400 W m⁻², the optimized configuration achieved simultaneous removal 
efficiencies of 80 % for BTA, CBZ, CAF, and DIC within 25 mins. This 
result highlighted the critical influence of flow-induced mass transfer on 
the kinetics of OMP degradation. The CFD analysis also indicated that 

increasing flow velocity positively impacted the removal kinetics, of
fering a promising approach for scaling up the PEC reactor from labo
ratory to pilot scale. The integration of CFD with experimental results 
facilitated the optimization of reactor design. This optimization is ex
pected to yield considerable reductions in operational time and cost 
during practical implementation. A key limitation of this study is the 
absence of uncertainty analysis of the CFD simulations. The primary 

Fig. 6. 3D CFD simulations of photoelectrocatalytic reactor, showing the effect of inlet pipe diameter (a,b,c,d) and photoanode diameter (e,f) on the concentration 
profile and velocity magnitude profile of DIC.

Tabel 3 
Removal performance in 3D CFD simulations, showing the effect of photoanode diameter and inlet pipe diameter.

Inlet pipe 
diameter (m)

Photoanode 
diameter (m)

Residence 
time (s)

CAF Removal 
(%)

BTA Removal 
(%)

CBZ Removal 
(%)

DIC Removal 
(%)

No. Of Circulations For 
80% Removal

Total Time For 
80% Removal

0.05 0.1 43 4 4 6 33 40 29 min
0.18 0.1 43 3 4 6 28 53 40 min
0.18 0.14 43 5 5 8 41 32 23 min
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objective was to establish a fundamental understanding of fluid flow 
effects on OMP removal and validate the model against experimental 
data. We acknowledge that CFD simulations involve uncertainties due to 
model assumptions, numerical discretization, boundary conditions and 
parameter estimations. Conducting a comprehensive uncertainty anal
ysis requires additional computational resources and extensive sensi
tivity studies, which were beyond the scope of our study. Future 
research will integrate uncertainty quantification techniques such as 
global sensitivity analysis to improve the predictive reliability and 
robustness of CFD based reactor design under varying conditions. 
Additionally, long term investigation into the stability and durability of 
the photoanode under prolonged operational conditions is essential to 
assess the viability of PEC reactors in large scale applications. Future 
work will address these limitations, thereby advancing the development 
of robust PEC based AOPs for efficient and sustainable wastewater 
treatment.
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