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A B S T R A C T   

Contaminants of emerging concern including pharmaceuticals and personal care products are increasingly 
detected at low concentrations in surface waters. Given the associated toxicity of these compounds, there is the 
potential for significant impacts on aquatic life and the food chain. Since most pharmaceuticals are not biode-
gradable, they cannot be removed by secondary treatment processes in conventional wastewater treatment 
plants. Therefore, the development of alternative treatment methods plays a critical role in the removal of 
pharmaceuticals. Energy consumption is a key factor in technology selection, and the use of solar energy may 
help minimise operating costs. Thus, this work provides a comprehensive review of relevant research published 
between 2016 and 2021 targeting the removal of active pharmaceutical ingredients using ultraviolet processes, 
including photo-Fenton, photocatalysis and photoelectrocatalysis. While the focus remains on the development 
of novel catalysts and some efforts have been made to demonstrate the reuse of these materials for multiple 
cycles, there is little work aimed at scaling up the systems or investigating their efficacy in real water matrices to 
test the potential beyond the laboratory setting. The review concludes with some recommendations for future 
studies, highlighting the importance of comparing technologies in terms of life cycle assessment, energy use, and 
financial considerations to provide a holistic understanding of the role that these technologies can play in 
removing trace pharmaceutical compounds from wastewater.   

1. Introduction 

The negative effects of the use of pharmaceuticals in human and 
veterinary medicine on the environment have been reported by the 
scientific community [1,2]. Improper use significantly increases the 
compound concentration in receiving waters, resulting in toxic and 
mutagenic effects and contributing significantly to the development of 
antimicrobial resistance, where bacteria in human and animal hosts are 
no longer treatable with antibiotics. After administration, pharmaceu-
tical residues are excreted in the urine and faeces as biologically active, 
unchanged parent molecules, metabolites, and/or conjugates [3]. Major 
sources of residues entering the aquatic environment through waste-
water treatment plants include domestic sewage, hospitals, the phar-
maceutical industry and inappropriate disposal of expired drugs. The 
ubiquitous presence of pharmaceuticals in the environment has been 
demonstrated by their presence in every environmental matrix studied, 
including surface water, groundwater, soil, sludge, and sediment sam-
ples. Due to the recalcitrant nature and inherent biological stability of 

both the parent compound and metabolites, conventional secondary 
wastewater treatment systems cannot completely remove trace com-
pounds. Fluoroquinolones, sulphonamides, tetracyclines and β-blockers 
have removal efficiencies of 40–75%, while non-steroidal anti-in-
flammatory drugs (NSAIDs) generally have higher removal efficiencies 
of about 90%, with the exception of diclofenac (below 60%). Therefore, 
alternative technologies are needed to further reduce the risk of transfer 
of these micropollutants to the aquatic environment [4]. 

To improve removal efficiency, conventional wastewater treatment 
plants (WWTPs) require additional support and technologies to further 
reduce the risk of transferring these micropollutants to the aquatic 
environment. Ultraviolet (UV)-based oxidation processes have the 
ability to catalyse the degradation and further mineralisation of organic 
pollutants through the production of highly reactive radicals [5], with 
the potential to utilise solar energy or novel engineering solutions based 
on efficient LED technology. Although there is significant academic in-
terest in this approach, further development, optimisation, and scaling 
of these promising approaches is needed to remove non-biodegradable 
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compounds commonly found in wastewater. Photo-driven chemical 
processes such as photo-Fenton, photocatalysis, and photo-
electrocatalysis rely on UV irradiation and strong oxidants, e.g., 
hydrogen peroxide, or iron- and titanium dioxide-based catalysts to 
generate radical species responsible for pollutant degradation. These 
environmentally friendly technologies are easy to operate with minimal 
manual effort. However, high turbidity levels resulting from the pres-
ence of natural organic matter, inorganic materials, and biological or-
ganisms can cause significant problems due to fouling and light 
scattering [6]. For most advanced oxidation processes, pre-filtration 
with 5–20-micron filters is strongly recommended prior to 
UV-treatment. 

Previous laboratory scale studies using direct UV-C treatment have 
shown that several antibiotics are not completely removed from aqueous 
solutions [7]. In addition, bacterial regrowth may occur during water 
storage, which promotes the persistence of antibiotic-resistant bacteria. 
Therefore, combining the effects of photolysis and catalysis offers syn-
ergistic advantages, and the choice of UV source is critical. Most stable 
semiconductors used as photocatalysts, have a band gap corresponding 
to energy in the ultraviolet region (Ebg ≥ 3.2 eV); therefore, these ma-
terials respond to the photocatalytic process when exposed only to ul-
traviolet radiation. Usually, UV sources are tuned to the classical ranges 
UV-C: 200–280 nm; UV-B: 280–315 nm; UV-A: 315–400 nm (for com-
parison, visible light ranges from 400 to 760 nm). However, special 
narrow-band multi-frequency approaches can also be used by combining 
lamps and light-emitting diodes. 

Various lamp types have been successfully used for UV-based 
advanced oxidation technologies, including carbon arc, metal halide, 
xenon arc, mercury-xenon, tungsten-halogen, high-pressure sodium 
vapour, argon arc, and light-emitting diode lamps (LEDs) [8]. Recently, 
UV-LEDs have attracted special interest in wastewater treatment due to 
their environmentally friendly materials and production techniques, 
high photonic performance and long lifetime. Considering that elec-
tricity is converted into photons with high efficiency (about 90%), much 
less energy is required to produce a similar UV flux compared to con-
ventional lamps. Given the high cost of UV-C LED and the complexity of 
efficiently removing heat from sources, the use of conventional light 
sources continues to be widely reported in the literature over the past 
five years. A wide range of solar simulation sources that mimic the full 
spectrum of UV, visible and IR wavelengths are also commonly used for 
laboratory research [9]. 

According to the Scopus® database, approximately 15,000 articles 
(reviews, reports, data studies, and books) have been published in the 
last 5 years, specifically related to the use of UV-radiation to remove 
drug compounds from wastewater. Despite the publication of several 

general reviews addressing the removal of pharmaceuticals, there has 
not been a comprehensive review of the advances and challenges asso-
ciated with the use of UV-based processes to remove these specific 
emerging contaminants. Therefore, the goal of this work is to provide a 
comprehensive overview of research in this area from 2016 to 2021 and 
develop recommendations to help the community fill knowledge gaps in 
this advancing area of research. 

2. Heterogeneous photo-Fenton process 

The Fenton process is a powerful oxidation-based technology, which 
effectively degrades contaminants via a series of biodegradable in-
termediates, resulting in near-complete mineralisation (Fig. 1). 
Enhancement of the Fenton reaction (Eq. (1)) can occur through the 
absorption of long and short wavelength radiation, which generates 
additional hydroxyl radicals through two key processes (a) regeneration 
of iron ions through the formation of iron complexes under acidic con-
ditions (Eqs. (2) and (3)) and (b) photolysis of hydrogen peroxide (Eq. 
(4)) [10].  

Fe2+ + H2O2 → Fe3+ + •OH + OH-                                                  (1)  

Fe3+ + H2O → Fe(OH)2+ + H+ (2)  

Fe(OH)2+ + hν → Fe2+ + •OH (λ < 580 nm)                                     (3)  

H2O2 + hν → 2 •OH (λ < 310 nm)                                                    (4) 

Despite the potential to use solar energy to drive the process, photo- 
Fenton is dependent on the supply of consumable chemicals, which 
could hinder widespread industrial use. For this reason, several strate-
gies have been proposed to minimise operating costs but also to improve 
efficiency by introducing heterogeneous catalysts and/or chelating 
agents [11]. Relevant publications dealing with drug mineralisation by 
heterogeneous photo-Fenton processes are summarised in Table 1. 

2.1. Materials used as heterogeneous photo-Fenton 

Considerable academic efforts continue to focus on the development 
of novel materials. Iron-based oxides are extensively applied as het-
erogeneous photo-Fenton catalysts due to their low cost, negligible 
toxicity, efficient charge separation properties, and easy recovery [11, 
12]. The base semiconductor can be excited by radiation to produce 
photogenerated electrons via a multistep mechanism described by Eqs. 
(5)–(11) [13,14].  

Iron oxide + hν → Iron oxide (h+ + e-)                                              (5) 

Fig. 1. Photo-Fenton mechanism.  
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Table 1 
Summary of some relevant studies on heterogeneous photo-Fenton systems.  

Pharmaceutical (concentration) Catalyst (concentration) Light source Operational conditions Removal and TOC decay Ref. 

Paracetamol (15 mg/L) α-FeOOH (1 g/L) Low pressure Hg 
lamps (λ = 365 nm) 

[H2O2]0 = 5 mM, 
pH= 5.9 

45% removal (180 min) [15] 

Sulfamethoxazole (10 mg/L) CuFe2O4 (0.2 g/L) 300 W Xe lamp 
(λ = 420 nm) 

[H2O2]0 = 10 mM, 
pH= 6.73 

96% removal (120 min) 
31% TOC decay (120 min) 

[16] 

Ciprofloxacin/carbamazepine 
(5 mg/L TOC) 

MnFe2O4 (n.a.) 500 W LED lamp 
(solar simulator) 

[H2O2]/COD = 4.25, 
[H2O2]/[Fe, Mn] = 5 

95% ciprofloxacin and 25% 
carbamazepine removal 
(120 min) 

[17] 

Tetracycline hydrochloride 
(40 mg/L) 

MnFe2O4/biochar 
(0.5 g/L) 

300 W Xe lamp 
(λ = 420 nm) 

[H2O2]0 = 100 mM, 
pH= 5.5 

95% removal (120 min) [18] 

Tetracycline hydrochloride 
(60 mg/L) 

ZnFe2O4 (yolk-shell 
structure) (0.3 g/L) 

LED lamp [H2O2]0 = 20 mM, 
pH= 6 

73.6% removal (40 min) [19] 

Tetracycline hydrochloride 
(10 mg/L) 

α-FeOOH/γ-Fe2O3 

(0.5 g/L) 
300 W Xe lamp 
(λ > 420 nm) 

[H2O2]0 = 10 mM, 
pH= 6 

93% removal (60 min) 
64% TOC decay (60 min) 

[20] 

Tetracycline hydrochloride 
(100 mg/L) 

15% yCeO2/FH (0.4 g/L) 5 W LED lamp [H2O2]0 = 50 mM, 
pH= 4 

98.7% removal (60 min) 
70% TOC decay (60 min) 

[21] 

Diclofenac (29.6 mg/L) Fe-ZSM5 (2 mM) UVA lamps 
(λ = 365 nm) 

[H2O2]0 = 50 mM, 
pH= 4 

99% removal (120 min) 
66% TOC decay (120 min) 

[23] 

Paracetamol (100 mg/L) Cu/Fe-PILC (50 mg/L) 8 W Hg lamp 
(λ = 254 nm) 

[H2O2]0 = 13.4 mM, pH 
= 5.5 

100% removal (60 min) 
80% removal (180 min) 

[24] 

p-aminobenzenesulfanilamide 
(56.6 mg/L) 

Fe-pillared clay (1 g/L) 15 W UV-C lamps 
(λ = 254 nm) 

[H2O2]0 = 5.2 mM, pH 
= 5.2 

100% removal (60 min) 
52% TOC decay (180 min) 

[25] 

Tetracycline hydrochloride 
(100 mg/L) 

Fe-rectorite (0.4 g/L) 500 W LED lamp 
(solar simulator) 

[H2O2]0 = 10 mM, 
pH= 7 

100% removal (150 min) [27] 

Sulfamethoxazole (10 mg/L) Fe (III)/ alginate 
(0.5 g/L) 

8 W UVA lamp 
(λ = 365 nm) 

[H2O2]0 = 0.5 mM, 
pH= 5.5 

90% removal (60 min) [28] 

Tetracycline hydrochloride 
(20 mg/L) 

PVA/SA-FeCl3 (1 g/L) 300 W LED lamp 
(λ = 420 nm) 

[H2O2]0 = 6 mM, 
pH= n.a. 

90.5% removal (60 min) 
29% TOC decay (60 min) 

[29] 

Sulfamethoxazole (5 mg/L) NiFe2O4- MWCNTs 
(0.025 g/L) 

100 W Hg lamp [H2O2]0 = 40 mM, 
pH= 5 

100% removal (120 min) 
68% TOC decay (120 min) 

[30] 

Norfloxacin (500 mg/L) Fe3O4-MWCNTs 
(1.2 g/L) 

300 W Xe lamp 
(λ > 420 nm) 

[H2O2]0 = 98 mM, 
pH= 3 

90% removal (180 min) 
85% TOC decay (180 min) 

[31] 

Tetracycline hydrochloride 
(43.7 mg/L) 

Fe3O4 @AC (0.11 g/L) 4 W UC-C lamp [H2O2]0 = 1.97 mM, 
pH= 3 

79% removal (44 min) 
44% TOC decay (120 min) 

[33] 

Metronidazole (20 mg/L) C3N4 @MnFe2O4-GO 
(1 g/L) 

300 W Xe lamp 
(λ = 400 nm) 

[PS] = 0.01 mM, pH n. 
a. 

94.5% removal (60 min) 
83% TOC decay (90 min) 

[34] 

Amoxicillin (20 mg/L) C3N4 @MnFe2O4-GO 
(1 g/L) 

300 W Xe lamp 
(λ = 400 nm) 

[PS] = 0.01 mM, pH n. 
a. 

84.3% removal (60 min) 
75% TOC decay (90 min) 

[34] 

Tetracycline hydrochloride 
(20 mg/L) 

C3N4 @MnFe2O4-GO 
(1 g/L) 

300 W Xe lamp 
(λ = 400 nm) 

[PS] = 0.01 mM, pH n. 
a. 

91.5% removal (60 min) 
90% TOC decay (90 min) 

[34] 

Ciprofloxacin (10 mg/L) C3N4 @MnFe2O4-GO 
(1 g/L) 

300 W Xe lamp 
(λ = 400 nm) 

[PS] = 0.01 mM, pH n. 
a. 

64.6% removal (60 min) 
56% TOC decay (90 min) 

[34] 

Tetracycline hydrochloride 
(40 mg/L) 

α-Fe2O3 @g-C3N4 

(0.5 g/L) 
100 W LED lamp 
(λ = 420 nm) 

[H2O2]0 = 10 mM, 
pH= 3.23 

92% removal (60 min) [35] 

Tetracycline hydrochloride 
(50 mg/L) 

g-C3N4/FeOCl (0.1 g/ 
L) 

300 W Xe lamp 
(λ > 420 nm) 

[H2O2]0 = 80 mM, 
pH= 3 

90% removal (20 min) [39] 

Tetracycline hydrochloride 
(20 mg/L) 

Fe-POM/ g-C3N4 (1 g/ 
L) 

300 W Xe lamp 
(λ < 420 nm) 

[H2O2]0 = 10 mM, 
pH= 4 

96.5% removal (18 min) 
78% TOC decay (18 min) 

[40] 

Tetracycline hydrochloride 
(20 mg/L) 

10% α-Fe2O3/BiOI 
(1 g/L) 

Xe lamp 
(λ < 420 nm) 

[H2O2]0 = 10 mM, 
pH= 6.5 

82.1% removal (30 min) [41] 

Tetracycline hydrochloride 
(20 mg/L) 

ZIF-8-modified 
MnFe2O4 (0.3 g/L) 

300 W Xe lamp 
(λ > 420 nm) 

[H2O2]0 = 50 mM, 
pH= 5.23 

92% removal (90 min) [42] 

Ofloxacin (30 mg/L) Biogenic Fe-Mn oxides 
(5 mg/L) 

500 W Hg lamp 
(λ < 420 nm) 

[H2O2]0 = 4.1 μM, 
pH= 6.8 

98.1% removal (120 min) [47] 

Ofloxacin (10 mg/L) FeC6-sepiolite (0.5 g/ 
L) 

300 W Xe lamp 
(λ > 420 nm) 

[H2O2]0 = 2 mM, 
pH= 3 

92.89% removal (150 min) 
89% TOC decay (150 min) 

[48] 

Ornidazole (20 mg/L) Natural soil (0.033 g/ 
L) 

Sunlight 
(941 W/m2) 

[H2O2]0 = 1 mM, 
pH= 3 

95% removal (180 min) 
47% TOC decay (180 min) 

[50] 

Ofloxacin (20 mg/L) Natural soil (0.020 g/ 
L) 

Sunlight 
(941 W/m2) 

[H2O2]0 = 2 mM, 
pH= 3 

92% removal (180 min) 
50% TOC decay (180 min) 

[50] 

Ciprofloxacin (3.31 mg/L) α-Fe2O3 (0.16 g/L) 11 W UV lamp 
(λ = 3 95 nm) 

[H2O2]0 = 24 mM, 
pH= 7.4 

58.82% removal (60 min) [51] 

Ciprofloxacin/Fluoxetine 
(100 μg/L each) 

Fe-citrate (1 μM) 15 W UV-A lamp 
(λ = 365–410 nm) 

[H2O2]0 = 50 μM, pH 
= 4.5 

80% removal (20 min) 
50% TOC decay (90 min) 

[52] 

Sulfamethoxazole (5 mg/L) Ferrocene (0.25 g/L) 1000 W Xe lamp (solar 
simulator) 

[H2O2]0 = 25 mM, 
pH= 3 

100% removal (120 min) [60] 

Sodium sulfadiazine (5 mg/L) MIL-100(Fe) (1 g/L) 300 W Xe lamp 
(λ > 420 nm) 

[H2O2]0 = 98 mM, 
pH= 4 

79% removal (90 min) [62] 

Sulfamethazine (50 mg/L) CuFeO (0.5 g/L) 300 W Xe lamp 
(λ > 420 nm) 

[H2O2]0 = 60 mM, 
pH= 6 

95.4% removal (30 min) 
50% TOC decay (30 min) 

[63] 

Amoxicillin (50 mg/L) Fly ash (1 g/L) UV lamp [H2O2]0 = 10 mM, 
pH= 7 

36.1% removal (240 min) [67] 

Tetracycline hydrochloride 
(20 mg/L) 

Bi3.64Mo 0.36 O6.55/ 
CuBi2O4 (1 g/L) 

300 W Xe lamp 
(λ > 420 nm) 

[H2O2]0 = 60 mM, 
pH= 7 

82.7% removal (30 min) [70] 

Diclofenac (40 mg/L) 95% removal (60 min) [76] 

(continued on next page) 
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e- (conduction band) + O2 → O2
•-                                                      (6)  

h+ (valence band) + H2O → H+ + •OH                                             (7)  

h+ (valence band) + OH- → •OH                                                       (8)  

H2O2 + e- → •OH + OH-                                                                 (9)  

Fe3+ + e- → Fe2+ (10)  

Fe3+ + hν + OH- → Fe2+ + •OH                                                    (11) 

Many authors have reported the use of iron oxides/H2O2 systems for 
the removal of drugs in aqueous solution at pH values ranging from 3 to 
circumneutral [13]. Mameri et al. [15] studied the degradation of 
paracetamol with goethite (α-FeOOH)/ H2O2/UV and achieved only 
45% degradation after 180 min of treatment. The slow degradation 
rates, regardless of pH, are due to the adsorption of paracetamol on the 
goethite surface, not generating enough ROS to mineralise the 
contaminant. This effect is generally attributed to the blocking of the 
catalytic sites, which prevents the α-FeOOH action from regenerating Fe 
(II) and additional ROS as a photoredox activator (Eq. (12)).  

––– Fe (OH-) + hν → ––– Fe (OH-)• → ––– Fe + •OH                            (12) 

Although a number of iron oxide compounds have been used as 
heterogeneous photo-Fenton catalysts, ferrites (with the general mo-
lecular formula MxFe3− xO4, where M is a divalent transition metal ion) 
have been the focus of research due to their high stability and narrow 
band gap leading to activity under visible-light. The use of copper ferrite 
(Cu-Fe2O4) was described by Gao et al. [16] for the degradation of 

sulfamethoxazole at circumneutral pH. Under optimal conditions, 
almost complete degradation of the parent compound and around 32% 
mineralisation was achieved after 120 min of treatment. The mecha-
nistic study showed that large concentrations of the reactive oxygen 
species were formed on the Cu-Fe2O4 surface, which was attributed to 
the ordered pore structures and the large surface area of the mesoporous 
catalyst. 

Hermosilla et al. [17] reported the development of an eco-friendly 
manganese ferrite (Mn-Fe2O4) catalyst and tested this material for the 
degradation of two biorecalcitrant compounds, ciprofloxacin and car-
bamazepine. The key to this study was a mechanism by which the 
catalyst could be easily removed from the treated water to allow reuse. 
Therefore, the inherent magnetic property of the α-Fe2O3 (weakly 
ferromagnetic material at room temperature) was exploited. While the 
material removed 95% of the original ciprofloxacin, only 25% of the 
carbamazepine was removed. Lai et al. [18] investigated 
manganese-ferrite as a photocatalyst for the degradation of tetracycline 
and achieved more than 90% removal after 120 min at natural pH (pH 
5.5). 

Strategies to increase the specific surface area of the catalyst and 
improve photon absorption traditionally exploit the morphology and 
microstructure of photocatalysts, so research activities have increased to 
develop novel morphologies, including yolk-shell approaches. Xiang 
et al. [19] synthesised magnetic ZnFe2O4 microspheres in yolk-shell 
form by a self-guided solvothermal method and tested the materials 
for the degradation of tetracycline. They reported that their structure 
leads to an increased number of active sites, with an additional catalytic 
effect resulting from multiple scattering/refraction of photons within 
the inner-yolk structure. 

Table 1 (continued ) 

Pharmaceutical (concentration) Catalyst (concentration) Light source Operational conditions Removal and TOC decay Ref. 

3% Cu doped- 
α-FeOOH (0.4 g/L) 

500 W LED lamp 
(λ = 420 nm) 

[H2O2]0 = 100 mM, 
pH= 6.12 

Diclofenac (30 mg/L) MS [60.90% Fe2O3] 
(26.6 mg/L) 

Simulated sunlight 
(λ = 300–500 nm) 

[H2O2]0 = 5 mM, 
pH= 7 

100% removal (90 min) 
87% TOC decay (300 min) 

[77] 

Acetaminophen (5 mg/L) Fe2O3-TiO2-bentonite 
(0.25 g/L) 

Xe lamp 
(solar simulator) 

[H2O2]0 = 0.65 mM, 
pH= 3.5 

100% removal (60 min) 
39% TOC decay (240 min) 

[78] 

Antipyrine (5 mg/L) Fe2O3-TiO2-bentonite 
(0.25 g/L) 

Xe lamp 
(solar simulator) 

[H2O2]0 = 0.80 mM, 
pH= 3.5 

100% removal (240 min) 
24% TOC decay (240 min) 

[78] 

Ciprofloxacin/ Sulfamethoxazole/ 
Trimethoprim (10 mg/L each) 

Fe2O3-TiO2 film 
(0.32 mg/cm2) 

1500 W solar simulator [H2O2]0 = 2.5 mM, 
pH= 2.8 

66% removal (240 min) [135] 

Amoxicillin (20 mg/L) TiO2/GO/Fe2O3 

(0.5 g/L) 
Low pressure Hg lamps [H2O2]0 = 20 mM, 

pH= 3 
88.5% TOC decay 
(120 min) 

[136] 

Tetracycline hydrochloride 
(40 mg/L) 

Fe2O3 @void@TiO2 

(0.25 mg/L) 
300 W Xe lamp 
(λ = 420 nm) 

[H2O2]0 = 0.377 M, 
pH= 9 

ca. 75% removal (6 min) [137] 

Pentoxifylline (50 mg/L) Fe-TiO2 (0.65 mg/cm2) UV lamp [H2O2]0 = 26 mM, 
pH= 4, Q = 0.8 L/min 

91% TOC decay (240 min) [138] 

Tetracycline hydrochloride 
(96 mg/L) 

Fe7Ni3S (0.1 g/L) Visible-light lamp [H2O2]0 = 5 mM, 
pH= 7 

90.5% removal (20 min) [139] 

5-fluorouracil (1 mg/L) 
cyclophosphamide (2 mg/L) 

Fe2.75Cu0.25O4 

(0.125 g/L) 
UV lamp 
(λ = 320–400 nm) 

[H2O2]0 = 15 mM, 
pH= 6.5 

> 97% removal (150 min) [140] 

Cephalexin (10 mg/L) Zn-doped Fe2O3 HSMS 
(1 g/L) 

300 W Xe lamp 
(λ > 420 nm) 

[H2O2]0 = 12 mM, 
pH= 4 

90% removal (180 min) 
60% TOC decay (180 min) 

[141] 

Paracetamol (100 mg/L) Fe-ZSM-5 (2 g/L) 450 W Hg lamp 
(λ = 280–310 nm) 

[H2O2]0 = 28 mM, 
pH= 2.8 

100% removal (300 min) 
60% TOC decay (300 min) 

[142] 

Metronidazole (6 mg/L) Fe/Si/TiO2 (1 g/L) 220 W Xe lamp 
(λ = 400 nm) 

[H2O2]0 = 10 mM, 
pH= 7 

93% removal (50 min) [143] 

Tetracycline hydrochloride 
(20 mg/L) 

(Mg,Ni)(Fe,Al)2O4 

(0.75 g/L) 
Xe lamp [H2C2O4]0 = 1 mM, 

pH= 3 
91,9% removal (180 min) [144] 

Tetracycline hydrochloride 
(40 mg/L) 

0.1% CuS/Bi2WO6 

(1 g/L) 
300 W halide lamp 
(λ = 420 nm) 

[H2O2]0 = 60 mM, 
pH= 7 

73% removal (50 min) [145] 

Tetracycline hydrochloride 
(50 mg/L) 

TiO2/Fe3O4 (0.3 g/L) 10 W UV-C lamp 
(λ = 420 nm) 

[H2O2]0 = 10 mM, 
pH= 7 

98% removal (60 min) 
64% TOC decay (120 min) 

[146] 

Tetracycline hydrochloride 
(300 mg/L) 

MIL-53(Fe) (0.2 g/L) 300 W Xe lamp 
(λ = 420–780 nm) 

[PS] = 8.0 mM, pH 
= 3.45 

99.7% removal (80 min) [147] 

Tetracycline hydrochloride 
(20 mg/L) 

FeNi3/SiO2/CuS 
(0.005 g/L) 

500 W Xe lamp 
(λ = 420 nm) 

[H2O2]0 = 4.16 mM, pH 
= 9 

83% removal (200 min) [148] 

AC: activated carbon, GO: graphene oxide, MS: metallurgical slag, ZSM5: Zeolite Sonony Mobil-5, ZIF-8: Zeolitic imidazolate framework, FH: Ferrihydrites, MWCNTs: 
magnetic walled carbon nanotubes, HSMS: hollow sphere mesocrystals, MIL: Material Institute Lavoisier, PVA/SA: poly (vinyl alcohol)/sodium alginate, POM: pol-
yoxometalates, PILC: pillared clay. 
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Considerable efforts have been made to develop iron-based minerals 
such as haematite, goethite, and wüstite for the photo-Fenton process, 
allowing the potential use of oxygen as an electron acceptor, which from 
a practical standpoint could eliminate the need for a continuous supply 
of H2O2; however, there are no reports of applications for the removal of 
pharmaceutical compounds. 

Research comparing the application of α-FeOOH, Fe3O4 (magnetite) 
and γ-Fe2O3 (maghemite) reported low catalytic activity at the standard 
neutral pH of wastewater, but the materials showed potential for rapid 
removal and multiple reuse [13]. In an attempt to increase efficiency 
and utilise magnetic separation, a combination of α-FeOOH and γ-Fe2O3 
was considered for tetracycline removal [20]. Mechanism studies sug-
gest γ-Fe2O3 pairs can trap photogenerated electrons in the conduction 
band of α-FeOOH inhibiting the reaction between electrons and H2O2, so 
that the separated holes can accelerate the production of singlet oxygen 
from H2O2 (Eq. (13)).  

h+ (valence band) + H2O2 → O2
•- + 2H+ (13) 

Natural iron oxide composites, such as ferrihydrite, have been 
considered as alternative photo-Fenton catalysts. As it is well known, 
surface-mediated iron regeneration leads to an improvement in photo-
catalytic activity and a reduction in H2O2 consumption [21]. Huang 
et al. [21] studied the degradation of tetracycline with 15% yCeO2/ 
ferrihydrite reporting complete degradation after 60 min of treatment. 
Analysis of the underlying mechanism showed that the incorporation of 
yCeO2 accelerated the Fe2+ regeneration cycle, leading to the produc-
tion of photogenerated electrons. These results are supported by Jiang 
et al. [22], who reported the use of 7% TiO2/Fh as an efficient photo-
catalyst for cefotaxime degradation. 

Although many reports have described the development of hetero-
geneous perovskite-based photocatalysts for the removal of organic 
compounds by photo-Fenton processes [13], to the author’s knowledge, 
there are no publications investigating the removal of pharmaceutical 
compounds. Since the step of regeneration of ferrous ions (Eq. (10)) is 
the main limiting factor in Fenton-based processes, many researchers 
have proposed the use of electron-rich materials in combination with the 
Fenton catalyst to accelerate the regeneration of ferrous ions. Support 
materials such as zeolites [23], clays [24,25] and silica have been used 
to prevent the leaching of metallic iron while providing large surface 
area, good thermal stability, high mechanical strength, resistance to 
organic solvents and additional electrons for the reaction systems [26]. 

Pillared clays have been reported to be applicable by the addition of 
oxygenated-metal cations, resulting in increased photocatalytic activity 
due to an increase in porosity and surface area. Such effects were re-
ported by Hurtado et al. [24], who assessed the use of Cu/Fe pillared 
clay as a catalyst for the mineralisation of paracetamol by photo-Fenton 
processes under circumneutral pH conditions. They reported around 
80% mineralisation, only 2% less than under acidic conditions – which is 
due to the fact that the presence of Cu promotes the formation of 
additional reactive oxygen species. The activity and stability of these 
catalysts depend on the molar ratio of the metals, with the Cu content 
being about 15 times lower than the Fe content. Similarly, the use of 
rectorite as a support was proposed by Guo et al. [27], who investigated 
the removal of tetracycline. They reported around 95% pollutant 
removal in a pH range of 3.8–8.1 under natural sunlight. The meso-
porous structure of these materials favours molecular diffusion of H2O2 
and pollutants and, in conjunction, with the presence of goethite, likely 
enhances electron transfer and thus, the overall rate of pollutant 
degradation. 

Polymer matrix composites have also attracted attention due to their 
high adsorption capacity for pollutants and ease of fabrication, leading 
to systems that prevent catalyst agglomeration and allow catalyst reuse. 
The high catalytic activity of iron alginate beads resulted in significant 
degradation of drugs in batch and continuous operation, with negligible 
iron leaching [28]. Nevertheless, there are several problems associated 

with the use of alginate, including matrix degradation, mass transfer 
limitations, large pore size, and perhaps most importantly, low me-
chanical strength of the composite. The addition of cross-linking poly-
mers such as chitosan or polyvinyl alcohol has been reported to improve 
the physical and mechanical properties without loss of catalytic effi-
ciency [29]. 

Carbon-based materials such as carbon nanotubes [30,31], activated 
carbon [32,33], graphene oxide [34], biochar [18] and g-C3N4 [35] 
have been successfully used as photocatalyst supports for the removal of 
pharmaceutical compounds. Graphene oxide (GO) has been reported to 
act as a sacrificial electron donor on Fe3O4 catalysts (Fe3O4 @GO), as the 
unpaired π electrons of sp2 hybridised carbon atoms are transferred to 
Fe3O4 and accelerate both the Fe2+ regeneration step and the overall 
catalytic efficiency. The application of g-C3N4 @MnFe2O4 @GO was 
reported by Wang et al. [34] for the degradation of metronidazole, 
amoxicillin, tetracycline, and ciprofloxacin using persulfate (Fenton-like 
process) as oxidant under visible light irradiation [36]. These ternary 
composites increased catalytic activity, resulting in 94.5% removal of 
metronidazole, about 3.5 times that of bare g-C3N4. The authors 
attributed the additional removal to the increased adsorption of organic 
compounds due to 1) the presence of functional states on the GO surface 
e.g. carboxyl and hydroxyl groups and 2) hydrophobic interactions, 
hydrogen bonding, π–π interactions and electrostatic interactions [37]. 

The large surface area of g-C3N4 nanosheets as supports for iron 
catalysts provides additional entrapment of iron species due to the high- 
density of N atoms and “six-fold cavities” [38]. Recent studies with these 
materials have showed the inclusion of α-Fe2O3 is effective against 
tetracycline in a broad pH range from 2.11 to 9.09 [35]. They have 
described a solid-state Z-scheme carrier transfer mechanism with pho-
toluminescence analysis indicating increased separation efficiency of 
photogenerated electron/hole pairs by hybridisation. The generation of 
additional electrons in turn contributes to the regeneration step of 
Fe2+increasing the production of hydroxyl radicals, and ultimately 
enhancing the rate of antibiotic degradation. Similar results were ob-
tained by Zhao et al. [39] who synthesised a g-C3N4/FeOCl composite 
with Z-scheme for the total degradation of tetracycline. 

Research has shown the introduction of nitrogen holes into the 
electronic structure can generate multiple unpaired electrons, which 
improves both charge separation and transfer efficiency. In addition, the 
incorporation of N can change the energy band structure, increasing the 
absorption of visible light, as confirmed by the analysis of electron 
paramagnetic resonance studies [40]; nevertheless, further studies are 
required to verify the effects of visible light. 

Many studies have indicated the incorporation of semiconductors 
(metal oxides, metal sulphides, metal vanadates/molybdates/phos-
phates, and metal-free graphitic carbon nitride, g-C3N4) with increased 
carrier density, likely contributes to an increase in photo-Fenton process 
effectiveness [41,42]. The inclusion of iron species in the composite 
catalyst can promote the use of visible light by acting as photosensitisers 
and charge injectors. Depending on the oxidation state of the iron spe-
cies, the resulting Fe/TiO2 composites can be classified as lattice-doped, 
surface-modified, or heterojunction structures. In lattice doping, iron 
ions replace Ti4+ substituents in the crystalline TiO2 structure, and in 
surface modification, iron oxide nanoparticles or amorphous iron spe-
cies are usually immobilised as goethite on the TiO2 surface, with het-
erojunction structures resulting from higher iron loading in the 
composite. 

2.2. Application of photo-Fenton catalysts for the removal of 
pharmaceuticals 

Our dependence on pharmaceuticals, including antibiotics, results in 
widespread occurrence of both their parent compounds and metabolites 
in the aquatic environment [43,44] and new technologies are required 
to remove such compounds from wastewater streams due to their 
chronic and acute effects. 
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2.2.1. Antibiotics 
Fluoroquinolones, derived from nalidixic acid, share a common ring 

structure based on the presence of a carboxyl group and a ketone and 
exhibit remarkable antibacterial properties. The presence of fluorine 
distinguishes fluoroquinolones from quinolones and enhances their ac-
tivity against gram-positive and negative bacteria. These important 
structural features provide inherent chemical and biological stability. 
After use in humans and animals, a large proportion of fluoroquinolones 
are excreted into the environment via urine and faeces, both the parent 
molecule and metabolites. This class of drugs has been detected in 
wastewater, groundwater, surface water, soils and sediments, reflecting 
low removal efficiency. For example, ofloxacin, a common fluo-
roquinolone, has been quantified in effluents from WWTPs in Beijing, 
Hangzhou, and Vancouver at concentrations ranging from 0.6 to 
1405 ng/L [1,45,46]. Many studies have demonstrated the application 
of the photo-Fenton process for the removal of recalcitrant compounds 
such as fluoroquinolones. In particular, Du et al. [47] assessed the 
removal of ofloxacin using biogenic Fe-Mn oxides produced by Pseudo-
monas sp. Analytical methods showed the synthesised catalyst had an 
amorphous layered structure, a broad absorption spectrum, and a low 
charge resistance. According to the experimental results, both photo-
generated electron/hole pairs and hydroxyl radicals contributed to the 
degradation of ofloxacin, while the superoxide anion radical made a 
negligible contribution. To determine whether the reaction in-
termediates formed by photo-Fenton were more toxic than the parent 
compound, microbial respiratory inhibition analysis was performed to 
evaluate toxicity. The results were promising, as the toxicity was 
significantly reduced (47%), although further studies were suggested to 
evaluate the catalytic stability. Tian et al. [48] also investigated the 
removal of ofloxacin; however, their approach used highly dispersed 
iron-carbide cluster anions (FeC6) on sepiolite as a photocatalyst. In the 
experiments, 92.89% was achieved after 150 min of treatment with a 
300 W Xe lamp. As shown in Table 1, this synthesised photocatalyst 
showed higher activity in the mineralisation of ofloxacin (89.35%) 
compared to previous studies [49,50]. Transmission electron micro-
scopy (TEM) and density functional theory attributed the catalytic ac-
tivity of Tian’s materials to the incorporation of ferrocene into sepiolite 
via a Si–O–C–Fe bond, resulting in a high dispersion of electro-
deficient ferrocene. This played a role in promoting the iron regenera-
tion cycle by forming an Fe-H2O2 complex at the surface. High 
mineralisation rates, 98.7% F atoms and 97% N atoms were converted to 
inorganic ions, indicating high removal of associated toxicity. However, 
the need for complementary technologies such as ion exchange and/or 
biological denitrification, was highlighted to ensure adequate water 
quality after oxidation treatment. 

The degradation of ciprofloxacin was performed by Hakimi and 
Alikhani [51], who analysed the removal of ciprofloxacin from aqueous 
solution using hexagonal α-Fe2O3 nanoparticles. They attained a 59% 
reduction of the parent compound with a low catalyst dosage at pH 7.4, 
probably due to the presence of the zwitterionic form of the drug. 
Similarly, Perini et al. [52] studied the photo-Fenton degradation of 
ciprofloxacin at ppb concentrations in anaerobically pretreated hospital 
wastewater. Negligible degradation and mineralisation were observed 
after 90 min, which was attributed to the high content of recalcitrant 
compounds formed during the anaerobic degradation process, namely 
low molecular weight carboxylates and alcohols well-known to inhibit 
Fenton reactions. In addition, the interception reactions (Eqs. (14) and 
(15)) were attributed to the presence of inorganic carbon in the form of 
bicarbonate and carbonate in the main solution.  

•OH + HCO3
- → H2O + CO3

-                                                        (14)  

•OH + CO3
2- → HO- + CO3

•-                                                         (15) 

Photo-Fenton based degradation of norfloxacin was investigated by 
Shi et al. [31] using ferric oxide nanoparticles on multi-walled carbon 
nanotubes. X-ray diffraction (XRD) analysis confirmed that the 

nanoparticles had a low crystalline Fe3O4 concentration, with the iron 
oxide in the form of inverse spinel structure. Significant adsorption of 
norfloxacin was observed, promoting photodegradation on the surface 
of the photocatalyst with minimal iron leaching. The material was 
successfully recycled and performed well after five consecutive runs, 
demonstrating the stability of the nanoparticles after successive oxida-
tion cycles. 

Sulphonamides are synthetic antimicrobial agents containing the 
sulphonamide group and the amino group at the para-position of the 
benzene ring. They were developed to affect folate synthesis in microbes 
and eventually purine and DNA synthesis. The introduction of multiple 
substituents results in structural products with altered physicochemical, 
pharmacokinetic, and pharmacodynamic properties [53]. Most sulpho-
namides are polar compounds and water-soluble, thus, they have been 
detected in many environmental matrices such as water, soil, and 
sediment [54,55]. In particular, sulfamethoxazole is detected in waste-
water, surface water, and drinking water at concentrations of 100–2500, 
60–150 and 12 ng/L, respectively [56–58]. Due to the inefficiency of 
conventional wastewater treatments in removing low concentrations of 
antibiotics, many authors have tested photo-Fenton as an alternative for 
the removal of sulfamethoxazole [16,28,30,56]. For example, Nawaz 
et al. [30] evaluated their degradation with a MWCNTs-NiFe2O4 com-
posite prepared by a one-step hydrothermal treatment. They reported 
that the magnetically recyclable catalyst possessed high photocatalytic 
activity due to the synergistic effect between NiFe2O4 and MWCNTs. The 
effective charge separation inhibited the recombination of electron/hole 
pairs, and thus, increased the generation rates of reactive 
oxygen-containing species, mainly hydroxyl radicals. Moreover, the 
presence of the iron-hydroxy complex was able to absorb ultraviolet and 
visible energy and promote the generation of hydroxyl radicals (Eq. 
(16)) [10,59].  

Fe (OH)2+ + hν → Fe2+ + •OH                                                      (16) 

Similar results were obtained by Gao et al. [16], who reported the 
synthesis of 3D-ordered mesoporous CuFe2O4 (inverse spinel structure) 
as heterogeneous photo-Fenton catalysts for the removal of sulfameth-
oxazole at circumneutral pH. The use of Fe (III)/ alginate beads was 
proposed by Cruz et al. [28], who reported 90% removal of sulfameth-
oxazole at pH 5.5 after 60 min of treatment. However, the pH of the 
solution and the attack of hydroxyl radicals on the alginate resulted in 
instability of the catalyst. Under highly acidic conditions (pH ~ 2–3), 
remarkable iron leaching was observed, accompanied by an increase in 
TOC, indicating a breakup of the polymer matrix, effectively leading to a 
homogeneous process. Li et al. [60] evaluated the use of ferrocene as a 
photocatalyst for the degradation of sulfamethoxazole under simulated 
sunlight attaining complete removal after 120 min of treatment. From 
their results, they concluded that the family of sulphonamides based on 
a six-membered heterocyclic ring exhibited similar sensitivity and 
reactivity to hydroxyl radicals, whereas different degradation behaviour 
was observed for five-membered heterocyclic ring structures. These re-
sults are in agreement with those of Ji et al. [61], who had previously 
assessed the degradation of several sulphonamides by thermoactivated 
persulfate oxidation. The influence of dissolved organic matter, inor-
ganic carbon and halide ions on the degree of degradation was found to 
be negligible. Despite the positive results of this study, the evaluation of 
toxicity and antimicrobial activity resulting from the production of 
degradation products should be confirmed. 

The degradation of another example from the sulphonamide group, 
sulfadiazine, was described by Tian et al. [62]. For this purpose, they 
synthesised a magnetic catalyst based on MIL-100 (Fe) with Fe3O4, 
which was prepared as novel nanorods via a sustainable one-pot syn-
thesis process. The magnetisation curve exhibited typical super-
paramagnetic properties, that allowed magnetic separation with a 
conventional magnet at 23 emu/g. After five consecutive runs with the 
catalyst under optimal experimental conditions, 79% degradation was 
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attained, demonstrating plausible photocatalytic stability/reusability. 
Cheng et al. [63] also investigated the degradation of sulfadiazine at 
circumneutral pH using a magnetic Cu-Fe oxide – again focusing on the 
recyclable aspects of photo-Fenton catalysis. The catalyst showed 
remarkable photocatalytic activity over a broad pH range, with more 
than 95% of the parent compound removed after 30 min of treatment at 
near neutral pH (pH = 6.0). The H2O2 activation mechanism was 
investigated by radical scavenging and electron-spin trapping experi-
ments, suggesting a synergistic effect between photoinduced electrons 
and the presence of the transition metals in the metal oxide. 

Penicillin-based compounds belonging to the β-lactam family of an-
tibiotics, have been widely used as antibiotics in human and veterinary 
therapy since their discovery in 1928. The subgroup of aminopenicillins, 
which includes amoxicillin, ampicillin, epicillin, and bacampicillin, 
have an additional amine group on their side chain [64] and are 
commonly prescribed. Although amoxicillin is rapidly hydrolysed under 
mild acidic and basic conditions, its degradation by photo-Fenton has 
been extensively investigated mainly because of the formation of 
numerous degradation products, that may be more resistant and indeed 
more toxic than the parent compound [65,66]. Ramírez-Franco et al. 
[67] analysed amoxicillin degradation using a magnetic TiO2 
@GO@Fe3O4 composite in a photocatalytic reactor with a submerged 
magnetic membrane. The GO nanosheets were assembled via 
non-covalent interactions such as electrostatic and π-π stacking on the 
surface of the TiO2 particles, which was confirmed by TEM images. The 
presence of numerous oxygen-containing groups on the GO surface 
served as anchoring sites for Fe2O3 nanoparticles. In degradation ex-
periments, degradation of more than 90% of amoxicillin was achieved 
after 120 min under optimal conditions. Increasing the Fe3O4 concen-
tration on the catalyst promoted agglomeration, resulting in decreased 
surface area and inhibition of light absorption, which reduced the 
amoxicillin removal efficiency. As for the degradation mechanism, the 
electrophilic attack on the nitrogen atom mediated by hydroxyl radicals 
cleaved the ring structure and promoted further oxidation. Similarly, 
Wang et al. [34] reported the application of the p-n heterojunction 
g-C3N4 @MnFe2O4 @GO as a heterogeneous catalyst for the degradation 
of amoxicillin. Ramírez-Franco et al. [67] investigated a heterogeneous 
photo-Fenton catalyst based on fly ash (consisting a mixture of metal 
oxides including SiO2 (51.5%), Fe2O3 (9.37%) and TiO2 (1.08%) and 
reported a high degree of pollutant removal. 

Tetracyclines are widely used worldwide for antimicrobial treat-
ment. Their amphoteric nature and high stability at acidic and neutral 
pH allow passage through the gut and thus transfer to many aquatic 
environments [68], where they have been detected in surface water (up 
to 8.1 ng/L), municipal wastewater (over 1000 ng/L) and soil (between 
86.2 and 198.7 μg/kg) [69]. Compared to other technologies, 
photo-Fenton has attracted great interest for the removal of tetracycline 
at relatively low concentrations [19,34,40,41]. Guo et al. [70] assessed 
the efficacy of 3D-rod-shaped Bi3.64Mo0.36O6.55/CuBi2O4 materials as 
heterogeneous photocatalysts, attaining 82.7% tetracycline removal 
after 30 min. Studies showed the nanocomposites exhibited high 
photocurrent response and the photogenerated charge recombination 
was limited in the heterostructured materials. A high level of tetracy-
cline degradation (98.7% in 60 min) was also reported using a novel 
bio-templated ceria-modified ferrihydrite [21]. These results confirm 
the importance of appropriate addition of Ce to ensure enhanced pho-
todegradation, resulting from Ce4+/Ce3+ flux and the generation of 
photogenerated electrons on the semiconductor surface. 

2.2.2. Non-steroidal anti-inflammatory drugs (NSAIDs) 
Acidic pharmaceuticals, primarily non-steroidal anti-inflammatory 

drugs (NSAIDs) are the most commonly detected over-the-counter drugs 
in aquatic ecosystems due to their widespread use as anti-inflammatory, 
analgesic, or antipyretic therapeutic agents. Their high water solubility 
and polar nature may compromise the efficacy of their removal by 
conventional treatments [71–73]. According to the Global Water 

Research Coalition criteria, NSAIDs such as diclofenac are among the top 
10 persistent pollutants. Diclofenac has been detected in surface waters 
and effluents from municipal WWTPs at μg/L concentrations, causing 
adverse effects on human health and aquatic organisms [74,75]. 
Therefore, those working on the development of alternative treatment 
strategies have paid special attention to this particular pollutant. Xu 
et al. [76] proposed Cu-doped α-FeOOH nanoflowers as a heterogeneous 
photocatalyst for the degradation of diclofenac. Scanning electron mi-
crographs (SEM) confirmed the hierarchical, self-assembling 3D struc-
ture, with a slight change in surface energy due to Cu doping of the 
α-FeOOH lattice. The nanostructured catalyst possessed enhanced pho-
tocatalytic activity compared to pure α-FeOOH due to lower recombi-
nation of photogenerated electrons and holes and rapid electron transfer 
caused by the presence of copper. An iron-exchanged zeolite (FeZSM5) 
was evaluated by Perisic et al. [23], where the photocatalyst attained 
66% TOC reduction after 120 min of treatment. The initial pH of the 
solution significantly affected the mineralisation rate, while adjusting 
the H2O2 concentration and Fe content on the zeolite had a negligible 
effect. They confirmed a synergistic effect of adsorption and oxidation in 
the overall mechanism of action. In the context of environmental 
remediation, Arzate-Salgado et al. [77] studied the application of copper 
slag as a heterogeneous photo-Fenton catalyst for the removal of 
diclofenac attaining 57% TOC removal after 90 min of treatment. 
However, the resulting effluent was almost three times more toxic than 
original diclofenac solution due to partial mineralisation and production 
of carbazole molecules and myeloperoxidase, which can catalyse 
peroxide to form less reactive oxygen species [74]. 

The degradation of antipyrine, another compound of the NSAID 
family, was studied by Molina et al. [78]. Using a Fe2O3-TiO2-orga-
no/bentonite heterostructure, almost total degradation was observed 
after 240 min of treatment. The bentonite clay was modified by the 
interaction of alkylammonium cations to provide a hydrophobic surface 
that supports the incorporation of TiO2 with improved crystallinity. The 
mesoporous catalyst exhibits a disordered layered structure with high 
dispersed metal oxides. They concluded that antipyrine is similarly 
robust to azo dyes and acetaminophen due to the pyrazolone ring 
structure. 

Indeed, many researchers have studied the degradation of acet-
aminophen (also known as paracetamol), which consists of an aromatic 
benzene ring substituted by an amide group and a hydroxyl group in the 
p-position. This common non-inflammatory analgesic has been detected 
in wastewater from European WWTPs at concentrations around 6 mg/L 
[79] and in the river Tyne at concentrations greater than 65 mg/L [80]. 

Mameri et al. [15] investigated the use of a goethite system for the 
removal of paracetamol from aqueous wastewater by photo Fenton 
process, achieving 45% removal after 180 min of treatment. No iron 
leaching was observed in the main solution, indicating surface-mediated 
paracetamol degradation by hydroxyl radicals (Eqs. (17)–(20)).  

––– FeIIIOH + H2O2 → ––– FeIIIOOH + H2O                                       (17)  

––– FeIIIOOH + hν → ––– FeIV- O + •OH                                           (18)  

––– FeIV- O + H2O → ––– FeIIIOH + •OH                                           (19)  

Paracetamol + •OH → By-products + •OH → CO2 + H2O                  (20) 

Hurtado et al. [24] developed an iron-containing clay catalyst and 
incorporated copper by ion-exchange (Cu/Fe-PILC). They achieved 80% 
paracetamol mineralisation at both acidic and neutral pH. However, the 
authors reported the incorporation of Cu decreased the surface area and 
pore volume, which reduce the absorption capacity. 

2.2.3. Radiocontrast agents 
Radiocontrast agents, such as barium sulphate and iodinated ben-

zene derivatives, are used to enhance the visibility of internal body 
structures for imaging procedures such as computed tomography, 
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magnetic resonance imaging, and/or radiography. They are frequently 
identified in wastewater streams [81], and their high water solubility 
and poor biodegradability hinder their removal by conventional treat-
ments [82]. Diatrizoic acid, for example, is a commonly used 
iodine-containing X-ray contrast agent that has been detected in the 
environment [83] because undergoes biotic and abiotic transformations 
that result in the formation of stable transformation products with 
higher toxicity than the parent molecule. The groups of Sanromán and 
Oturan evaluated the photochemical degradation of diatrizoic acid using 
iron sepiolite-based alginate beads and iron-activated carbon as het-
erogeneous photocatalysts [32]. While the alginate beads exhibited low 
stability in the presence of H2O2 under UV light irradiation [28,29], the 
activated carbon-supported iron promoted the formation of hydroxyl 
radicals with negligible leaching. They concluded that the synthesised 
catalysts were activated by H2O2 via heterogeneous Fenton and 
photo-Fenton reactions, and the catalysis was accelerated by the gen-
eration of additional electrons by UVC irradiation. 

3. Photocatalysis 

Scientific studies of photocatalysis began in the mid-1970 s, and 
ongoing research has shown the process has great potential for envi-
ronmental remediation. The mechanism of photocatalysis involves the 
excitation of electrons from the valence band into the conduction band 
to generate reactive oxygen species (Fig. 2). Relevant publications 
related to pharmaceutical mineralisation by photocatalysis are sum-
marised in Table 2. 

3.1. Materials used as photocatalysts 

The basic properties of active photocatalyst materials include a 
suitable band gap, good photostability, high carrier mobility, correct 
band edge potentials, large surface area, and efficient photon absorp-
tion. Generally, n-type semiconductors (occupied valence band and 
unoccupied conduction band) are used as photocatalysts for environ-
mental remediation, with materials selected to have a band gap 

corresponding to energy in the ultraviolet region. Metal oxides from the 
II-IV groups, ZnO, WO3, and TiO2, have been successfully used for the 
degradation and mineralisation of organic pollutants. Most research has 
focused on TiO2, which has high activity against a variety of organic 
contaminants and even complete mineralisation due to its low toxicity, 
low cost, high chemical stability and wide availability [84]. However, 
further research is being conducted to improve the efficiency of TiO2 to 
overcome electron-hole recombination losses and enhance photon ab-
sorption in the visible region of the solar spectrum [85]. 

From a perspective of a practical application, cost-effective photo-
catalytic technologies require in-depth studies with ongoing work to 
create recyclable catalysts via immobilised systems, magnetic particles, 
flocculation routes, etc., with the primary goal of developing versatile, 
efficient catalysts with the appropriate functionality. 

Numerous researchers have focused on the addition of dopants to 
modify the physical properties and surface activity and improve the 
photoreaction to visible light [86]. The use of noble metals such as sil-
ver, platinum, palladium, and gold as support materials allows for 
improved photocatalytic performance; however, this does not always 
generate large amounts of active radicals. Some benefits have been re-
ported from the formation of bimetallic photocatalysts, in which the 
electron band structure of the primary metal can be influenced by the 
electronic properties of the incorporated metal particles. The design of 
ternary nanostructures allows modification of their elemental compo-
sition and optical bandgap [87]; nevertheless, in many cases only 
limited increase in efficiency has been reported. 

The use of novel heterojunction semiconductor materials, such as 
bismuth oxyhalides (BiOX, X = Cl, Br, I), has attracted much attention 
from academic researchers due to their response to visible-light and 
their unique tetragonal matlockite layer structure [88]. For example, 
BiOCl has been reported to exhibit higher photocatalytic activity under 
UV irradiation, while BiOI showed significant visible light absorption 
due to its lower energy band gap. BiOBr revealed good oxidation/re-
duction activity under ultraviolet-visible light irradiation, which may be 
attributed to the heterojunction band structure. To improve the photo-
catalytic behaviour of these materials, BiOX-based composites 

Fig. 2. Photocatalytic mechanism.  
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Table 2 
Summary of some relevant studies on photocatalytic systems.  

Pharmaceutical (concentration) Catalyst (concentration) Light source Operational 
conditions 

Removal and TOC decay Ref. 

Azithromycin/Trimethoprim/ 
Ofloxacin/Sulfamethoxazole 
(100 μg/L each) 

TiO2 (1 g/L) 9 W LED lamps 
(λ = 381 nm) 

pH n.a. 100% removal (180 min) [7] 

Ciprofloxacin (30 mg/L) 1.5%Ag-TiO2 (0.5 g/L) 15 W Hg lamp 
(λ = 254 nm) 

pH n.a. 100% removal (30 min) 
100% TOC decay (180 min) 

[86] 

Tetracycline hydrochloride 
(10 mg/L) 

AgBr-TiO2-Palygorskite (0.5 g/L) 300 W Xe lamp pH = 9 90% removal (90 min) 
67% TOC decay (90 min) 

[87] 

Tetracycline hydrochloride 
(20 mg/L) 

BiOBr/BiOI/cellulose 
(0.4 g/L) 

500 W Xe lamp 
(λ ≥ 420 nm) 

pH n.a. 91% removal (60 min) [88] 

Tetracycline hydrochloride 
(20 mg/L) 

CQDs/BiOCl/BiOBr 
(0.3 g/L) 

250 W Xe lamp 
(λ = 400 nm) 

pH n.a. 77% removal (120 min) [89] 

Ibuprofen (80 mg/L) g-C3N4/CQDs/CdIn2S4 

(1 g/L) 
300 W Xe lamp 
(λ = 420 nm) 

pH n.a. 91% removal (60 min) 
85% TOC decay (60 min) 

[90] 

Metronidazole (35 mg/L) Fe0/GO/TiO2 (0.2 g/L) 20 W Hg Lamp 
(λ = 254 nm) 

pH = 6.5 99.3% removal (80 min) [91] 

Ciprofloxacin (25 mg/L) 15% BiOBr/TiO2 (1 g/L) Visible light pH = 6 95.5% removal (180 min) [93] 
Ciprofloxacin (10 mg/L) 3% CQDs/BiOBr (0.3 g/L) 300 W Xe lamp 

(λ ≥ 400 nm) 
pH n.a. 100% removal (240 min) 

44.3% TOC decay (240 min) 
[94] 

Ciprofloxacin (20 mg/L) WS2/BiOBr (1 g/L) 500 W Xe lamp 
(λ ≥ 420 nm) 

pH = 7 83% removal (100 min) [95] 

Sulfamethoxazole (10 mg/L) TiO2-biochar (5 g/L) 15 W UV lamp 
(λ = 254 nm) 

pH = 4 75% removal (180 min) 
65% COD decay (180 min) 

[98] 

Sulfamethoxazole (10 mg/L) ZnO (200 mg/L) 11 W fluorescent 
(λ = 365 nm) 

pH = 7.5 84% removal (60 min) [99] 

Sulfamethoxazole (10 mg/L) WO3-CNT (1 g/L) 300 W Xe lamp pH n.a. 81.9% removal (180 min) [100] 
Sulfamethoxazole /trimethoprim 

(400 μg/L each) 
TiO2 (0.05 g/L) LED lamp pH = 5.6, Q 

= 8 mL/min 
> 90% removal (20 min) [101] 

Tetracycline hydrochloride 
(30 mg/L) 

3% p-C3N4/f-BiOBr 
(1 g/L) 

250 W Xe lamp 
(λ = 400 nm) 

pH n.a. 94.3% removal (100 min) [102] 

Tetracycline hydrochloride 
(10 mg/L) 

α-FeOOH/FeS2 (0.5 g/L) 100 W LED lamp 
(λ = 400 nm) 

pH = 3 95.4% removal (150 min) [103] 

Tetracycline hydrochloride 
(80 mg/L) 

CuO/BiVO4 (0.2 g/L) 300 W Xe lamp [PMS] = 2 mM, pH 
= 4.1 

100% removal (50 min) 
29% TOC decay (50 min) 

[105] 

Tetracycline hydrochloride 
(12 mg/L) 

20% g-C3N4 @Bi/BiOBr 
(1 g/L) 

Solar simulated light 
(λ > 420 nm) 

pH n.a. 78% removal (240 min) [106] 

Ibuprofen (60 mg/L) TiO2 (1 g/L) 9 W LED lamps 
(λ = 381 nm) 

pH = 5.3 100% removal (30 min) 
53% DOC decay (90 min) 

[107] 

Diclofenac (10 mg/L) mont-La (6%)-Cu0.6Cd0.4S 
(1 g/L) 

Hg lamp 
(λ < 578 nm) 

pH = 5.9 92% removal (240 min) 
67% TOC decay (240 min) 

[108] 

Acetaminophen (3 mg/L) 67% Bi4O5I2-TiO2 
(0.5 g/L) 

300 W Xe lamp 
(λ = 400 nm) 

pH n.a. ca. 95% removal (6 min) 
83% TOC decay (120 min) 

[109] 

Acetaminophen (5 mg/L) In2S3/Zn2GeO4-30 (1 g/L) 300 W Xe lamp 
(λ > 420 nm) 

pH = 7 93% removal (360 min) 
55% TOC decay (360 min) 

[110] 

Acetaminophen (50 μg/L) BiOCl (0.3 g/L) Fluorescent light 
(λ = 300–500 nm) 

pH = 5.4 
[NasS2O8] = 1 mM 

100% removal (180 min) [111] 

Ketoprofen (15 mg/L) BiS3/TiO2-mont (0.5 g/L) 150 W Hg lamp 
(λ = 254 nm) 

pH = 11 100% removal (120 min) 
10% TOC decay (120 min) 

[113] 

17α-ethinylestradiol (3 mg/L) WO3-SBA (1.2 g/L) 20 W Hg lamp 
(λ = 254 nm) 

pH n.a. 98% removal (270 min) [140] 

Isoniazid/Rifampicin 
(10 mg/L each) 

TiO2 (0.5 g/L) 125 W Hg lamp 
(λ = 315–400 nm) 

pH = 6 90% isoniazid and 60% rifampicin 
removal (60 min) 

[149] 

Metronidazole (4 mg/L) NiS1.0–ZnS5.2/NC 
(3 g/L) 

35 W Hg lamp 
(λ = 435.8 nm) 

pH = 6 68.97% removal (150 min) [150] 

Metronidazole (2 mg/L) NiO/SnO2-NC (1.2 g/L) 35 W Hg lamp 
(λ = 435.8 nm) 

pH = 3 90% removal (180 min) 
65% TOC decay (180 min) 

[151] 

Metronidazole (2 mg/L) SnS2-ZnS-NC 
(3 g/L) 

35 W Hg lamp 
(λ < 435.8 nm) 

pH = 3 77.17% removal (250 min) [152] 

Clozapine (5 mg/L) TiO2 (300 mg/L) Xe lamp 
(solar simulation) 

pH = 8.2 100% removal (20 min) [153] 

Alprazolam (9.3 mg/L) TiO2 (300 mg/L) 125 W Hg lamp 
(λ < 366 nm) 

pH = 5.6 100% TOC decay (60 min) [154] 

Tetracycline hydrochloride 
(20 mg/L) 

SDS-BiOBr-MB 
(0.5 g/L) 

300 W Xe lamp 
(λ = 430–600 nm) 

pH = 6.3 85% removal (120 min) 
39.2% TOC decay (120 min) 

[155] 

Ciprofloxacin (10 mg/L) SDS-BiOBr-MB 
(0.5 g/L) 

300 W Xe lamp 
(λ = 430–600 nm) 

pH = 6.3 95% removal (120 min) 
39.1% TOC decay (120 min) 

[155] 

Ciprofloxacin (10 mg/L) 2% g-C3N4-Bi4O5Br2 (0.5 g/L) 300 W Xe lamp 
(λ ≥ 400 nm) 

pH n.a. 75% removal (150 min) [156] 

Ciprofloxacin (3.8 mg/L) FeS/Fe2S3/zeolite 
(2.8 g/L) 

100 W tungsten lamp pH = 3.7 87.2% removal (102 min) [157] 

Ciprofloxacin (10 mg/L) Ag2O/Ag2CO3/MWCNTs (0.5 g/ 
L) 

300 W Xe lamp 
(λ = 420 nm) 

pH n.a. 76% removal (60 min) [158] 

Morphine (10 mg/L) Ag@g-C3N4 (0.17 g/L) Sunlight irradiation pH = 2 92.5% removal (120 min) 
91% TOC decay (180 min) 

[159] 

(continued on next page) 
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combining bismuth oxyhalide with metal salts, metal oxides, and noble 
metals have been developed. BiOX/BiOY (X, Y = Cl, Br, I) exhibit higher 
photocatalytic activity than single BiOX due to the efficient photoin-
duced charge separation. However, these promising materials cannot be 
easily separated and recovered from the aqueous phase, and work is 
currently underway to develop support matrices. Hu et al. [89] proposed 
carbon quantum dots (CQDs) as potential supports for BiOCl/BiOBr 
nanosheet photocatalysts for the removal of tetracycline, attaining 77% 
after 120 min of treatment. CQDs have been successfully integrated into 
many semiconductors to prepare hybrid photocatalysts that improve 
catalytic properties due to their low cost, nontoxicity, facile synthesis, 
and notable photoelectrochemical properties [90]. Moreover, they can 
act as electron acceptors and donors; thus, accelerating electron transfer 
by reducing the recombination of photogenerated charge carriers. 

The use of carbon-based nanomaterials for the adsorption of phar-
maceutical compounds from water has been extensively reported, with a 
particular focus on graphene family materials due to the strong π-π in-
teractions between the aromatic ring of graphene and organic mole-
cules. The use of nanostructured carbon with TiO2 enhances the 
photocatalytic activity and changes the optical band gap in the visible 
energy range [91]. According to Zhou et al. [92], the mechanism of 
action of carbon nanotubes functionalized with TiO2 involves (1) exci-
tation of an electron from the valence band to the conduction band of the 
metal oxide, (2) the carbon nanotubes acting as sensitisers transferring 
electrons to TiO2, and (3) enhancement of light absorption resulting 
from the presence of C–O–Ti bond. 

3.2. Application of photocatalysis for the removal of pharmaceutical 
compounds 

3.2.1. Antibiotics 
Fluoroquinolones, including ciprofloxacin, are commonly prescribed 

due to their broad-spectrum antibacterial activity. However, due to low 
absorption, more than 75% of the drug is excreted by humans into 
wastewater. For this reason, ciprofloxacin was included in the list of top 
ten pharmaceutical contaminants in aquatic ecosystems [93]. The use of 

photocatalysis to remove ciprofloxacin has been widely studied. Xia 
et al. [94] described a novel one-step strategy for the synthesis of 
CQDs/BiOX (X = Cl, Br, I) in an ionic liquid and reported the complete 
removal of ciprofloxacin from aqueous solutions after 240 min. The 
photocatalytic performance of CQDs/BiOBr was attributed to their 
excellent optical absorption, higher charge separation efficiency and 
low contact resistance. Moreover, the performance of BiOBr was 
improved by Fu et al. [95], who prepared a flower-like WS2/BiOBr 
heterostructure by hydrothermal one-pot method attaining 83% cipro-
floxacin removal. Similarly, the WS2 heterojunction-based materials 
were reported to exhibit excellent photocatalytic activity due to the high 
photon conversion rate and accelerated electron transport. The solution 
pH plays a key role in the electrostatic attraction/repulsion of the 
photocatalyst surface and the pollutant molecule, and the zwitterionic 
property of ciprofloxacin at neutral pH increases the effectiveness of the 
process [96]. Interference and decreased activity were found in the 
presence of inorganic environmental matrix compounds. Rashid et al. 
[93] evaluated butterfly clusters such as a lamellar BiOBr/TiO2 nano-
composite for the ciprofloxacin removal under visible and solar irradi-
ation, and defluorination of the piperazinyl ring and cleavage of 
carboxyl groups were found to be the mechanism of action, which is 
consistent with other studies [97]. 

Kim and Kan [98] evaluated biochar-based TiO2 for the degradation 
of sulfamethoxazole, attaining 75% removal after 180 min of treatment. 
The synthesised photocatalyst showed higher adsorption capacity 
compared to commercial TiO2 powder due to the hydrophobic π-π in-
teractions between the pollutant and the biochar support. They 
concluded that the presence of inorganic carbon (carbonate and bicar-
bonate) increases the efficiency of the process, also increasing the 
toxicity. Makropoulou et al. [99] studied the degradation of sulfa-
methoxazole using a ZnO-based photocatalyst synthesised by a 
hydrothermally-assisted method and found an 84% removal after 
60 min, under optimal conditions. They attributed the high removal rate 
to the nanostructured nature of the material, which has a higher relative 
concentration of lattice defects (oxygen vacancies) that increase charge 
transport and process efficiency. However, the method reduced the 

Table 2 (continued ) 

Pharmaceutical (concentration) Catalyst (concentration) Light source Operational 
conditions 

Removal and TOC decay Ref. 

Atenolol (10 mg/L) Na4W10O32-silica 
(5 g/L) 

Hg lamp pH = 6 50% removal (102 min) [160] 

Levofloxacin (10 mg/L) Na4W10O32-silica 
(5 g/L) 

Hg lamp pH = 6 50% removal (94 min) [160] 

Trimethoprim (10 mg/L) Na4W10O32-silica 
(5 g/L) 

Hg lamp pH = 6 50% removal (124 min) [160] 

Levofloxacin (10 mg/L) Ag/AgBr/BiOBr (1 g/L) 85 W CFL bulb 
(λ = 450–650 nm) 

pH = 8 74% removal (90 min) [161] 

17 α-methyltestosterone 
(20 mg/L) 

Sm (0.3%)/TiO2 

(0.5 mg/L) 
1500 W Xe lamp 
(λ = 300–800 nm) 

pH n.a. 82% TOC decay (180 min) [162] 

Ibuprofen (15 mg/L) Au/meso-TiO2 (0.5 g/L) 300 W Xe lamp pH = 5 100% removal (60 min) 
95% TOC decay (360 min) 

[163] 

Carboplatin (20 mg/L) TiO2 (0.5 g/L) 9 W UV-A lamp 
(λ = 340–400 nm) 

pH = 6.1 72% removal (30 min) 
81% TOC decay (60 min) 

[164] 

Levofloxacin (10 mg/L) Bi3O4Cl/BiOCl (1 g/L) 85 W CFL bulb 
(λ = 450–650 nm) 

pH = 11 87% removal (180 min) 
55% TOC decay (180 min) 

[165] 

Ofloxacin (10 mg/L) Bi2MoO6 (1 g/L) Sunlight irradiation pH = 6 71% removal (90 min) [166] 
Carbamazepine (50 mg/L) BiOCl/AgCl (1 g/L) 300 W Xe lamp pH n.a. 79.4% removal (180 min) [167] 
Norfloxacin (10 mg/L) FeVO4/Fe2TiO5 (1 g/L) 500 W Xe lamp pH n.a. 92% removal (60 min) [168] 
Ibuprofen (40 mg/L) ZnO (1.5 g/L) UV lamp pH n.a. 94.5% removal (120 min) [169] 
Naproxen (40 mg/L) ZnO (1 g/L) UV lamp pH n.a. 98.7% removal (120 min) [169] 
Levofloxacin (10 mg/L) Bi2WO6/CQDs/TiO2 

(0.075 g/L) 
Sunlight irradiation pH = 7 100% removal (90 min) [170] 

Metronidazole (80 mg/L) TiO2/Fe3+ (0.5 g/L) 125 W UV-C lamp 
(λ = 247 nm) 

pH = 11 97% removal (120 min) [171] 

Carbamazepine (5 mg/L) CoFe2O4 (0.2 g/L) 9 W Hg lamp pH = 2 96% removal (100 min) [172] 
Chloramphenicol (20 mg/L) attapulgite/Cu2O/Cu/g- 

C3N4 (0.08 g/L) 
300 W Xe lamp pH = 8.5 61% removal (120 min) [173] 

GO: graphene oxide, NC: clinoptilolite nanoparticles, SDS: sodium dodecyl sulphate, MB: magnetic bentonite, CQDs: carbon quantum dots, mont: montmorillonite, 
PMS: peroxymonosulfate, CNT: carbon nanotubes, MWCNTs: multi-walled carbon nanotubes. 

J. Meijide et al.                                                                                                                                                                                                                                  



Journal of Environmental Chemical Engineering 10 (2022) 107630

11

active surface area of the catalyst, with SEM images showing the for-
mation of nanorods from the original nanoparticles. A WO3-CNT com-
posite was prepared by Zhu et al. [100], who investigated the 
degradation of sulfamethoxazole under visible-light irradiation. The 
attack of reactive oxygen species on the benzene/isoxazole ring pro-
duced hydroxylated derivatives, which were further oxidised to achieve 
almost total mineralisation. Cai and Hu [101] proposed the use of a 
continuous LED/UVA/TiO2 photocatalytic system for the simultaneous 
degradation of sulfamethoxazole and trimethoprim (400 ppb each 
pollutant) reporting high removal efficiency. 

Heterogeneous photocatalysts have exhibited high degradation and 
mineralisation of second- and third-generation antibiotics, including 
tetracycline, cephalosporin, and vancomycin [86]. Tetracyclines have 
been identified as priority water pollutants by many state environmental 
agencies due to their potential biotoxicity and low biodegradability 
[102]. Guo et al. [103] synthesised a 3D Z-scheme based α-FeOOH/FeS2 
photocatalyst by a hydrothermal one-pot method for the removal of 
tetracycline. X-ray spectrometry results confirmed that the original 
Fe–O–Fe bond was replaced by Fe-S-Fe, which was responsible for the 
observed enhanced photocatalytic activity, as previously reported by 
Moradi et al. [104]. Furthermore, the acicular structure of α-FeOOH 
nanorods seen in microscopic images of TEM prevented aggregation. A 
complex AgBr/TiO2/palygorskite photocatalyst was developed by Shi 
et al. [87], who reported 86.67% removal of tetracycline after 90 min of 
treatment. The amphoteric nature of the compound with three forms at 
different pHs (protonated form (pH < 4), neutral form (pH = 4–7.5) and 
monoanionic form (pH = 7.5–10) [105]) presents a challenge in deter-
mining the optimal pH for degradation. Although the synthesis of the 
photocatalyst is complicated, the material was stable and efficient after 
five consecutive experiments with negligible metal leaching in the main 
solution. 

Liu et al. [106] prepared g-C3N4 @Bi/BiOBr composites based on a 
ternary structure by a solvothermal method for tetracycline, attaining 
78% degradation. Bi/BiOBr nanoplatelets were entrapped on g-C3N4 
layers, resulting in the formation of a three-dimensional fluffy hierar-
chical structure. Photocurrent techniques showed the addition of Bi 
promoted charge transfer and inhibited the recombination of photoex-
cited carriers. Based on the band energy potentials and trapping ex-
periments, an indirect Z-scheme system using Bi as an 
electron-conduction bridge was proposed. Similar results were ob-
tained by Ma et al. [102], who reported high efficiency using g-C3N4 
@BiOBr as a photocatalyst for the degradation of tetracycline. Chen 
et al. [105] developed a coupled oxidation system by integrating pho-
tocatalysis and a peroxymonosulfate treatment. This approach can 
generate a range of oxidising species (Eqs. (21)–(23)), including strong 
hydroxyl and sulphate radicals and less reactive oxidants such as SO5

•- 

and •HO2 (Eqs. (24)–(27)).  

SO4
•− + SO4

•− → S2O8
2-                                                               (21)  

•OH + •OH → H2O2                                                                     (22)  

SO4
•− + •OH → HSO4

- +1/2O2                                                      (23)  

HSO5
- + •OH → SO5

•− + OH-                                                       (24)  

HSO5
- + SO4

•− → SO5
•− + SO4

2- + H+ (25)  

HSO5
- + •OH → •HO2 + SO4

2- + H+ (26)  

HSO5
- + SO4

•− + H2O → •HO2 + 2SO4
2- + 2H+ (27)  

3.2.2. NSAIDs 
The remediation of ibuprofen was studied by Liang et al. [90], who 

developed a Z-scheme g-C3N4/CQDs/CdIn2S4 composite exhibiting 91% 
removal after 60 min under visible-light irradiation. Based on the diffuse 
reflectance results in the ultraviolet/visible region, they found the CQDs 

significantly enhanced the absorption of visible light. Photocurrent re-
sponses and photoluminescence spectroscopy revealed improved sepa-
ration efficiency of the photoinduced electron/hole pairs due to the 
incorporation of CQDs and g-C3N4. However, shielding effects due to the 
surface of g-C3N4 prevented optimal absorption of incident light. Jallouli 
et al. [107] investigated a TiO2 - LED irradiated system for the removal 
of ibuprofen from ultrapure water, municipal wastewater and pharma-
ceutical industry effluents. As expected, the presence of dissolved or-
ganics such as sulphates and carbonates in the main solution contributed 
to lower degradation of ibuprofen as they compete for active sites 
and/or reacting species. Analysis of treated effluent samples using the 
Microtox® test confirmed the photocatalytic system effectively reduced 
toxicity as a function of increasing mineralisation. The photocatalytic 
degradation of diclofenac was evaluated by Boukhatem et al. [108], who 
tested mont-La (6%)-Cu0.6Cd0.4S as a photocatalyst, achieving 67% TOC 
decay after 240 min of treatment. While the catalyst showed activity, 
the system was purged with argon gas. A high oxygen concentration 
reduces the recombination of photogenerated electrons and increases 
the production of reactive oxygen species such as HO•, O2

•- and HO2
•. 

Mu et al. [109] prepared an anatase-TiO2 nanowire composite 
loaded with Bi4O5I2 by an in-situ calcination method for acetaminophen 
degradation. Characterisation showed the successful formation of the 
heterojunction structure on the TiO2 nanowires, and the Bi4O5I2 formed 
a flower-like morphology as the nanosheets overlapped. Electro-
chemical impedance spectral analysis confirmed the low charge transfer 
resistance of the structure. Yan et al. [110] synthesised an 
In2S3/Zn2GeO4 composite photocatalyst by a hydrothermal 
co-precipitation method and investigated its effectiveness in the degra-
dation of paracetamol. The remarkable activity was attributed to the 
photosensitisation of the Zn2GeO4 component by In2S3, which enhanced 
the absorption of visible-light, with the heterojunction promoting the 
transfer and separation of photo-induced charge carriers. Mechanistic 
studies confirmed the role of both holes and superoxide radicals in the 
photodegradation process, and the influence of solution pH was 
observed, with electrostatic interactions at pH values > pKa reducing 
the adsorption of paracetamol. Wang et al. [111] observed synergy and 
enhanced degradation of paracetamol by a co-oxidation process using 
BiOCl as a photocatalyst with Na2S2O8 or H2O2. Direct photolysis of 
S2O8

2- resulted in the formation of sulphate radicals by trapping pho-
togenerated electrons (Eq. (28)) and by reaction with O2

•- (Eq. (29)). 
Similar processes were observed by Nezar and Laoufi [112], who used 
electron acceptors such as H2O2, Na2S2O8 and K2S2O8 to enhance the 
photocatalytic degradation of metformin.  

S2O8
2- + e- → SO4

•- + SO4
2-                                                          (28)  

S2O8
2- + O2

•- → SO4
•- + SO4

2- + O2                                              (29) 

Photocatalytic degradation of ketoprofen was analysed by Djouadi 
et al. [113], using Bi2S3/TiO2–montmorillonite composites prepared by 
two-step ion exchange followed by impregnation. At a pH 11, almost 
total degradation of the parent compound was observed after 120 min of 
treatment. However, the recalcitrant nature of the by-products from 
decarboxylation, hydroxylation and further oxidation resulted in low 
mineralisation (about 10% after 120 min). 

4. Photoelectrocatalysis 

Photoelectrocatalysis has been shown to be a powerful AOP, 
enhancing photocatalysis processes by electrochemical bias [114]. The 
underlying technology is still based on the generation of reactive oxygen 
species by redox reactions resulting from the adsorption of photons with 
energy greater than or equal to the band gap of the semiconductor (MOx) 
(Eq. (30)). To prevent rapid recombination of photon-generated charges 
(Eq. (31)), a small electrochemical bias can be applied to the system to 
transport electrons to the separate cathode, where significant additional 
amounts of the reactive oxygen species can be generated, increasing the 
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efficiency of the process for water purification – effectively separating 
the reduction and oxidation reactions (Eq. (32)) [115].  

MOx + hν (≥ Еbg) → MOx – e- (conduction band) + MOx – h+ (valence band) 
(30)  

MOx – e- (conduction band) + MOx – h+ (valence band) → MOx + heat(31)  

MOx – h+ (valence band) + H2O → •OH + H+ (32) 

The mechanism of the process associated with n-type semi-
conductors is shown in Fig. 3. The bending of the energetic bands upon 
application of an external constant bias potential (Eanod) results from the 
change in the electrochemical potential (the Fermi level) of the semi-
conductor [116]. In addition, the bending of the bands leads to the 
formation of a space charge layer or depletion layer, which corresponds 
to the distance between the photocatalyst surface and the beginning of 
the flat bands. The space charge layer can be increased by applying an 
additional applied Eanod bias with respect to Efb (flat band potential); 
however, when the maximum Eanod is reached, the reaction kinetics is 
dominated only by the photon flux [114]. 

The use of carbonaceous materials for the cathode allows in-situ 
generation of H2O2 via cathodic reduction of dissolved oxygen in the 
bulk solution (Eq. (33)), which in turn can lead to the continuous gen-
eration of hydroxyl radicals (Eq. (2)).  

O2 + 2H+ + 2e- → H2O2                                                               (33) 

As part of this process, there is the possibility of oxidation of organic 
impurities by surface-bound hydroxyl groups on the photoanode (Eq. 
(34)). However, the low current density (typically below 10 mA⋅cm− 2) 
results in a low concentration of adsorbed hydroxyl radicals and negli-
gible mineralisation by this route.  

MOx + H2O → MOx (•OH) + H+ + e-                                            (34) 

In addition to the morphology and structure of the photoanode, 
operating parameters such as the electric potential, irradiation range, 
applied intensity, electrolyte concentration, solution pH and initial 
pollutant concentration can also affect the oxidation power and effi-
ciency of the photoelectrochemical process. The applied potential de-
pends primarily on the thickness of the photoanode [117], with a 

positive bias driving the separation of electrons and holes, increasing the 
likelihood of effective oxidation and the generation of reactive oxygen 
species for direct oxidation. The optimal pH and pKa of the pollutant 
could enhance the interaction of the pollutant with the photocatalyst. In 
addition, the addition of sodium sulphate as an electrolyte can minimise 
the solution resistance to maximise the anodic current density for a 
given Eanod, while the dissolved oxygen in the main solution acts as an 
electron acceptor and prevents the recombination of the photogenerated 
electron/hole pairs. 

4.1. Common photoanode materials 

The search for new materials for photoanodes has recently attracted 
special attention [114], and the criteria for good candidates are based on 
the following: (i) light absorption properties and electronic band 
structures, (ii) oxidation/reduction rate at the surface via photo-
generated electron/hole pairs, and (iii) recombination rate of photo-
generated charges. The anatase phase of TiO2 has been extensively used 
as a photoanode material due to its relatively low cost, negligible 
toxicity, high chemical stability, and wide band gap (~3.2 eV). Several 
n-type semiconductors such as WO3 (Eg = 3.8. eV) and ZnO (Eg = 3.4. 
eV) have also been successfully used for water treatment. To overcome 
the photocorrosion problems associated with the use of ZnO, stable 
heterojunctions have been proposed to enhance the photogenerated 
charge separation. Changanaqui et al. [118] evaluated the use of 
ZnO/TiO2/Ag2Se to remove oxytetracycline, and achieved 96.5% 
reduction after 360 min of treatment. The system was able to utilise 
visible light through the confinement of Ag2Se (Ebg = 1.8 eV) with the 
ZnO/TiO2 heterojunction providing a redox potential. A similar 
approach was taken by Cheng et al. [119], who developed a p-n heter-
ojunction film of Cu2O/α-Fe2O3 for the photoelectrocatalytic degrada-
tion of oxytetracycline achieving more than 70% pollutant reduction 
after 60 min. Composites composed of a p-n heterojunction greatly 
enhance the transfer of photogenerated holes and promote the separa-
tion of photoinduced charge carriers. An example of a commonly used 
p-type material is Bi2O3 due to its negative conduction band and positive 
valence band edge positions [120]. 

Relevant publications on pharmaceutical mineralisation by photo-
electrocatalysis are summarised in Table 3. Many publications focus on 

Fig. 3. Mechanism of photoelectrocatalysis detailed the main reactions for (A) n-type semiconductor and (B) p-type semiconductor.  
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materials chemistry approaches to develop strategies to enhance oxi-
dising power by (i) fabrication of TiO2-based nanostructures, including 
nanotubes, nanotube arrays, and nanorods, etc [118], (ii) metal doping 
or non-metal doping (second generation photocatalyst) [121] (iii) syn-
thesis of carbon-based materials (carbon cloth, graphene…) [122], and 
(iv) the development of tertiary oxides and double perovskites (third 
generation photocatalyst) [123]. 

The formation of immobilised nanotube arrays offers significant 
potential for increasing the electrochemically active surface area. While 
metal doping of titania with transition metals such as Cr, Co, and Fe can 
increase recombination and thermal instability, the formation of stable 
heterostructures can successfully shift the Fermi level. Noble metals can 
also act as additional electron sinks by promoting electron transfer from 
the conduction band to the metal, decreasing recombination, and 
improving quantum yield [124]. Furthermore, these metals often take 
advantage of the surface plasmon resonance effect that occurs in visible 
light. For example, Alvaro et al. [125] reported that visible light at 
560 nm (near the surface plasmon resonance) can excite nanoparticle 
gold electrons from gold, enabling transfer to the conduction band of 
TiO2. 

4.2. Application of photoelectrocatalysis to remove pharmaceutical 
compounds 

4.2.1. Antibiotics 
Tetracycline is a widely studied contaminant because the compound 

is toxic and has mutagenic, carcinogenic, and endocrine properties 
[118]. Cheng et al. [119] developed a p-n heterojunction anode 
composed of Cu2O/α-Fe2O3 by a two-step deposition process. This ma-
terial achieved 73% removal of tetracycline after 60 min of photo-
electrocatalytic treatment. Analysis of the EIS spectra revealed a low 
charge transfer resistance, confirming rapid electron transfer at the 
interface of the p-n heterojunction. In addition, a decrease in the spectral 
intensity of the photoluminescence compared to the corresponding films 
of single metal oxides indicates the incorporation of CuO inhibits the 
recombination of charge carriers. Changanaqui et al. [118] studied the 
oxytetracycline degradation on nanostructured ZnO/TiO2/Ag2Se pho-
toanodes. The presence of vertically grown hexagonal nanorods and 
spherical nanoparticles (Ag2Se and residual Ag) adhering to the walls 
was confirmed by SEM. To ensure photostability, the TiO2 layers were 
used to protect the ZnO, resulting in excellent reproducibility of the 
system, as demonstrated by ten consecutive experiments with no visible 
loss of activity. Similarly, He et al. [126] evaluated a core-shell photo-
catalyst with direct Z-scheme heterojunction based on α-Fe2O3 nano-
particle layers on CeO2 nanotube arrays and reported high 

Table 3 
Summary of some relevant studies on photoelectrocatalytic systems.  

Photoanode Electrolytic cell Light source Pollutant (concentration) Degradation 
(time) 

Ref. 

Ti/TiO2(NT) Three electrode system: Pt mesh and Ag/AgCl as counter and 
reference electrode, respectively 

150 W Xe lamp 
(λ = 330–380 nm) 

5-fluorouracil (5 mg/L) 100% 
(150 min) 

[117] 

ZnO/TiO2/ 
Ag2Se 

Three electrode system: Pt wire and Ag/AgCl as counter and 
reference electrodes, respectively 

36 W blue LED lamp 
(λ = 450–460 nm) 

Oxytetracycline (5 mg/L) 96.5% 
(360 min) 

[118] 

Cu2O/α-Fe2O3 Three electrode system: Pt wire and Ag/AgCl as counter and 
reference electrodes, respectively 

300 W Xe lamp 
(λ ≥ 420 nm) 

Oxytetracycline (10 mg/L) 73.3% (60 min) [119] 

Bi2O3/WO3 Three electrode system: Pt wire and SCE as counter and reference 
electrode, respectively 

300 W Xe lamp 
(λ ≥ 420 nm) 

Norfloxacin (10 mg/L) 88.4% 
(360 min) 

[120] 

ZIF-8/NF-TiO2 Three electrode system: Cu sheet and Ag/AgCl as counter and 
reference electrodes, respectively 

300 W Xe lamp 
(λ ≥ 420 nm) 

Sulfamethazine (10 mg/L) 81.3% 
(180 min) 

[121] 

BiVO4/g-C3N4 Three electrode system: Pt wire and SCE as counter and reference 
electrode, respectively 

Xe lamp 
(λ ≥ 420 nm) 

Diclofenac sodium (10 mg/ 
L) 

30.1% 
(120 min) 

[122] 

TiO2/Au/TiO2 Three electrode system: rolled Pt thread and Ag/AgCl as counter 
and reference electrode, respectively 

36 W LED UVA lamp 
(λ = 450–460 nm) 

Paracetamol (39 mg/L) 95% (120 min) [124] 

α-Fe2O3/CeO2 Three electrode system: Pt foil and Ag/AgCl as counter and 
reference electrode, respectively 

300 W Xe lamp Tetracycline hydrochloride 
(30 mg/L) 

88.6% (60 min) [126] 

BiVO4/WO3 Three electrode system: Pt plate and SCE as counter and reference 
electrode, respectively 

300 W Xe lamp 
(λ ≥ 420 nm) 

Norfloxacin (10 mg/L) 67% (180 min) [127] 

BiVO4/Ag3PO4 Three electrode system: Pt wire and SCE as counter and reference 
electrode, respectively 

300 W Xe lamp 
(λ ≥ 420 nm) 

Norfloxacin (5 mg/L) 100% (90 min) [128] 

BiVO4/WO3 Three electrode system: Pt foil and SCE as counter and reference 
electrode, respectively 

300 W Xe lamp 
(λ ≥ 420 nm) 

Levofloxacin (10 mg/L) 60% (300 min) [129] 

BiVO4/WO3 Three electrode system: Pt foil and SCE as counter and reference 
electrode, respectively 

300 W Xe lamp 
(λ ≥ 420 nm) 

Ketoprofen (10 mg/L) 80% (300 min) [129] 

FTO-BiVO4 Three electrode system: polydopamine modified carbon felt as 
counter electrode and Ag/AgCl as reference electrode 

300 W Xe lamp 
(λ ≥ 420 nm) 

Ofloxacin (8 mg/L) 99.3% 
(120 min) 

[130] 

BiVO4/BiOI Three electrode system: Pt sheet and Ag/AgCl as counter and 
reference electrode, respectively 

100 W Xe lamp 
(λ ≥ 420 nm) 

Ciprofloxacin (10 mg/L) 62% (120 min) [132] 

BiVO4/BiOI Three electrode system: Pt sheet and Ag/AgCl as counter and 
reference electrode, respectively 

100 W Xe lamp 
(λ ≥ 420 nm) 

Acetaminophen (10 mg/L) 68% (120 min) [132] 

BiVO4/MnO2 Three electrode system: Pt sheet and Ag/AgCl as counter and 
reference electrodes, respectively 

100 W Xe lamp 
(λ ≥ 420 nm) 

Ciprofloxacin (10 mg/L) 76% (120 min) [174] 

BiWO4/WO3 Three electrode system: Pt foil and SCE as counter and reference 
electrode, respectively 

300 W Xe lamp 
(λ ≥ 420 nm) 

Tetracycline hydrochloride 
(10 mg/L) 

76.1% 
(180 min) 

[175] 

BiVO4/Ag2S Three electrode system: Pt sheet and Ag/AgCl as counter and 
reference electrodes, respectively 

100 W Xe lamp 
(λ ≥ 420 nm) 

Ciprofloxacin (10 mg/L) 80% (120 min) [176] 

BiVO4/Ag2S Three electrode system: Pt sheet and Ag/AgCl as counter and 
reference electrodes, respectively 

100 W Xe lamp 
(λ ≥ 420 nm) 

Sulfamethoxazole (10 mg/ 
L) 

86% (120 min) [176] 

BiVO4/TiO2 Three electrode system with Cu2O/TiO2 cathode 300 W Xe lamp 
(λ ≥ 420 nm) 

Tetracycline hydrochloride 
(10 mg/L) 

30.5% 
(120 min) 

[177] 

Sb-doped 
Sn80%-W20%- 
oxide 

Three electrode system: stainless steel plate and Ag/AgCl as 
counter and reference electrode, respectively 

10 W UVA lamp 
(λ < 254 nm) 

Carbamazepine (0.2 mg/L) 100% (60 min) [178]  
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mineralisation of tetracycline hydrochloride. Jiang et al. [120] studied 
the removal of the quinolone norfloxacin using synthesised Bi2O3/WO3 
p-n heterojunction films, prepared by a hydrothermal one-pot method. 
The flower-like microstructures possessed low charge transfer resis-
tance, indicating the heterojunction effectively promoted charge sepa-
ration and electron transfer at the interface. Using visible light, 88% 
removal of norfloxacin was attained after 360 min of treatment and the 
photoelectrocatalytic activity was higher than previous publications 
using the same photoanode [127]. Modification of base electrodes is a 
popular method for investigating composite materials. Cao et al. [128] 
assessed the use of an Ag3PO4-modified BiVO4 photoanode reaching 
100% removal of norfloxacin after 90 min of treatment. The photocur-
rent density was notably higher than that of the pure BiVO4 electrode; 
thus, it was assumed that the Ag3PO4 reduced the recombination of 
charge carriers. Applying a high bias voltage significantly reduced the 
pollutant degradation, probably due to the increasing O2 evolution by 
water splitting. This reminds researchers that the PEC system can be a 
complex process that needs to be optimised. 

Levofloxacin, another fluoroquinolone, was used as a model 
pollutant by Cristino et al. [129]. They used a WO3/ BiVO4 photoanode 
prepared by electrochemical deposition. The BiVO4 nanoparticles are 
located in a dense layer of about 200 nm filling the interstices between 
the WO3 particles, as can be seen in the SEM images. In such a config-
uration, charge carrier generation occurs on the BiVO4 layer, with ul-
trafast electron transfer to WO3; however, small amounts of hydroxyl 
radicals were detected in the trapping experiments. Under optimal 
conditions, nearly total mineralisation of levofloxacin was achieved. 
However, the aromatic by-products of a second model pollutant, keto-
profen, were more persistent and remained in the main solution after 
16 h of treatment. Wang et al. [130] investigated the removal of 
ofloxacin in a system using BiVO4 as a photoanode and a polydopamine 
modified carbon felt as a cathode in the presence of peroxymonosulfate 
(PMS). Complete pollutant degradation was achieved after 120 min, as 
activation of PMS by polydopamine enhanced the production of reactive 
species. Increasing the applied potential enhanced charge separation 
until the saturation potential was reached [131]. Based on radical 
quenching analysis, sulphate radicals, singlet oxygen, and hydroxyl 
radicals were found to play a role in the removal of ofloxacin. Thus, the 
addition of PMS in combination with photoelectrocatalysis is a prom-
ising alternative for the pharmaceutical removal from the aqueous 
phase. 

4.2.2. NSAIDs 
The degradation of diclofenac was reported by Sun et al. [122], who 

tested the use of a g-C3N4/BiVO4 composite photoanode, and attained 
30.1% removal after 120 min of treatment. XRD analysis revealed the 
g-C3N4/BiVO4 resulted in a small monoclinic scheelite crystal, leading to 
a short running distance for the photogenerated electron-hole pairs and 
an enhanced response to visible light. Furthermore, under optimal 
conditions produced by high concentrations of hydroxyl radicals and 
singlet oxygen, the addition of H2O2 enabled an efficiency around 62% 
after 180 min. At a high H2O2 concentration, the parallel scavenging 
reactions (Eqs. (35) and (36)) dominated, with a decrease in diclofenac 
degradation.  

H2O2 +
•OH → H2O + HO2                                                           (35)  

H2O2 +
•OH → H2O + O2                                                             (36) 

Olvera-Rodríguez et al. [124] synthesised TiO2/Au/TiO2 film pho-
toanodes by pulsed laser deposition with paracetamol as the target 
pollutant. The films consisted of alternating layers with a total thickness 
around 200 nm, which was expected to optimise the absorption of 
photons and minimise the recombination of charge carriers. They found 
the inclusion of gold layers extended the photon absorption into the 
visible range, and a decrease in the photoluminescence signal indicated 
a significant reduction in the recombination rate. In the presence of a 

mixed sulphate and chlorine matrix, almost total paracetamol degra-
dation was achieved after 360 min. The presence of active chlorine 
species (Eq. (37)) and hydrolysis to hypochlorous acid (Eq. (38)) 
enhanced paracetamol degradation. At acidic pH, HClO predominates 
over dissolved Cl2 and competes with hydroxyl radicals for the 
pollutant.  

2 Cl- → Cl2(aq) + 2 e-                                                                     (37)  

Cl2(aq) + 2H2O → HClO + Cl- + H+ (38) 

Orimolade et al. [132] also evaluated the degradation of paraceta-
mol using a BiVO4/BiOI n-p heterojunction system as a photoanode by 
photoelectrocatalysis driven by visible light. The BiVO4 nanoparticles 
were successfully entrapped in the flower-like BiOI structures, as shown 
in the images from SEM. From the photocurrent measurements, they 
concluded the formation of an n-p heterojunction considerably reduced 
the recombination rate of the photogenerated electron/hole pairs due to 
the increased charge transfer at the interface. Further evidence was 
provided by electrochemical impedance spectroscopy, where the flat 
band potential was determined via Mott-Schottky plots, which showed a 
positive slope for BiVO4 and a negative slope for BiOI for the n-type and 
p-type semiconductors. 

5. Conclusions and future perspectives 

Pharmaceuticals are recalcitrant organic compounds whose output 
to the environment is increasingly regulated. This review highlights the 
growth of academic research aimed at removing these compounds from 
water through advanced oxidation processes driven by UV energy- 
including photo-Fenton, photocatalysis and photoelectrocatalysis. A 
more holistic view of selecting appropriate water treatment technologies 
requires a more comprehensive understanding of the resulting toxicity 
of the effluent, the energy required to operate the systems, financial 
considerations and, perhaps most importantly, how these technologies 
can be applied at scale. Although there has been progress in the devel-
opment of new multifunctional materials that offer higher energy ab-
sorption, more efficient degradation, and lower toxicity in wastewater 
streams, more research is needed to ensure industrial-scale applications. 
There are still a number of knowledge gaps.  

1. The use of solar radiation reduces the costs associated with energy 
use; nevertheless, pilot plants still achieve low pollutant removal 
compared to laboratory studies. Therefore, further studies are 
required to increase large-scale economics for real-world applica-
tions with large wastewater volumes. In terms of energy consump-
tion, Wardenier et al. [133] reported that 2–3 orders of magnitude 
higher energy consumption is required to drive UV degradation 
processes compared to ozonation.  

2. Most laboratory-based research studies are conducted with high 
concentrations of pharmaceuticals (~ 5–50 mg/L), compared to the 
low concentrations detected in wastewater (likely due to the limi-
tations in analytical chemistry). Thus, initial degradation kinetics 
appear to be rapid. However, at low pollutant concentrations, the 
rate constants are much lower, therefore, the behaviour of these 
technologies should be analysed at lower pollutant concentrations 
appropriate for the application context. 

3. Real effluent is a complex mixture of organic and inorganic com-
pounds – and often difficult to represent in a laboratory setting. The 
effectiveness of UV-based processes should be evaluated in the 
presence of organics and other contaminants. Yet few publications 
test their materials or systems with real wastewater. While we 
recognise that the contaminant of interest will not always be present, 
the use of spiked wastewater provides a more realistic test system. 
The presence of high levels of suspended solids significantly in-
creases turbidity and decreases light intensity due to scattering, 
reflection, and absorption. In addition, reactive oxygen species are 
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not selective, so the complexity of the water matrix reduces the ef-
ficiency of the process with respect to the compound of interest.  

4. Although some studies have been conducted on flow through systems 
for real industrial wastewater, most of them were carried out at 
laboratory scale. The dynamic behaviour of the pilot- and full-scale 
systems should be tested to estimate the operating conditions such 
as residence time and input flow rate, and to ensure adequate process 
efficiency to meet the more stringent regulations.  

5. There is limited information on the (eco)toxicity of the intermediates 
generated during the oxidative degradation of drugs using UV-based 
catalysis. 

6. The environmental impact of treatment options should be consid-
ered. Although some previous studies have reported promising solar- 
powered photo-Fenton treatment options even at sites with relatively 
low solar irradiation [134], additional life-cycle assessment ap-
proaches are required to demonstrate the feasibility of environ-
mentally friendly processes.  

7. The use of economic parameters that allow evaluation of capital 
expenditures (CAPEX) and operating expenditures (OPEX) of these 
processes should be analysed. In addition, the calculation of elec-
trical energy per order (EE/O), which represents the energy required 
by the system to achieve an order of magnitude reduction in drug 
concentration per unit volume, would provide a representative 
parameter that would allow a fair comparison between technologies. 
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