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ARTICLE INFO ABSTRACT
Keywords: The rapid increase in pharmaceutical pollutants in aquatic ecosystems has driven the need for
Life Cycle Assessment innovative wastewater treatment solutions. This study evaluates the environmental performance
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of a Fes04/Zn0O nanocomposite-based photocatalytic reactor, applied as a tertiary treatment for
hospital wastewater. Life cycle assessment was used to compare four operational scenarios of the
photocatalytic reactor, varying oxidant concentration and light intensity. The results show that
the reactor is able to achieve 80 % removal efficiency for a complex wastewater mixture of nine
micropollutants, meeting the standards outlined in the European legislation. However, compli-
ance with legislation for some highly recalcitrant pollutants (e.g., trimethoprim) may require an
increase in equipment size and operation time, resulting in a higher climate change impact
(4.94kg COy/m®) if compared to other compounds that could be used as reference (e.g.,
0.37-3.02kg COy/m® for diclofenac and 17a-ethynylestradiol, respectively). Since most of the
environmental impact of technology comes from the use of electricity in the lamps (65 % of the
impact profile), strategies should be developed to offset this high resource demand. Ideally, the
solutions should result in an environmental trade-off for freshwater ecotoxicity with lower im-
pacts than direct discharge (3.6 CTUe/m?). While the variability between scenarios is in the range
of 1.07-10.94 CTUe/m°, the most preferable option resulted in impacts in ecotoxicity of 2.79
CTUe/m® and greenhouse gas emissions of 1.20 kg COseq./m>. This scenario not only resulted in
lower direct and indirect environmental impacts on aquatic ecosystems compared to the case
where no treatment was applied, but it also nearly fulfilled legislative requirements and remained
competitive with other existing technologies such as solar-powered photocatalysis, photo-Fenton,
electro-Fenton, and adsorption.

1. Introduction

The rapid increase in the global population has driven exponential industrialization, urbanization, overexploitation of natural
resources, and escalating levels of pollution (Mwizerwa et al., 2024). Environmental pollution is largely dependent on the intrinsic
properties of pollutants, particularly those influencing their bioavailability, persistence, and bioaccumulation in ecosystems
(Kayode-Afolayan et al., 2022). Pollutants of major concern include heavy metals (Mitra et al., 2022; Wei et al., 2025), Persistent
Organic Pollutants (POPs) such as polychlorinated biphenyls (Vallero, 2023), dioxins, and pesticides, hydrophobic organic compounds
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Nomenclature

AC Acidification

AOPs Advanced Oxidation Processes
CC Climate Change

CFC Chlorofluorocarbon

BOD Biological Oxygen Demand
COD Chemical Oxygen Demand
DCB 1,2-Dichorobenzene

DCF Diclofenac

DOC Dissolved Organic Carbon
CPF Ciprofloxacin

El Estrone

E2 Estradiol

EE2 17a-ethynylestradiol

FE Freshwater Eutrophication
FET Freshwater Ecotoxicity
FRU Fossil Resource Use

HTC Human Toxicity Cancer
HTNC Human Toxicity Non-Cancer
IBP Ibuprofen

IR Ionizing Radiation

LCA Life Cycle Assessment

LCI Life Cycle Inventory

LU Land Use

MBR Membrane Bioreactor

ME Marine Eutrophication

MRU Mineral Resource Use
NMVOC Non methane volatile organic compound
NPX Naproxen

oD Ozone Depletion
PM Particulate Matter
POF Photochemical Ozone Formation

POPs Persistent Organic Pollutants
PPCPs  Pharmaceutical and Personal Care Products
SMX Sulfamethoxazole

TE Terrestrial Eutrophication
TMP Trimethoprim

TN Total Nitrogen

TOC Total Organic Carbon

TP Total Phosphorus

TSS Total Suspended Solids
uv Ultraviolet

wuU Water Use

(Blum et al., 2018), microplastics (Chen et al., 2023), nanoplastics (Menéndez-Pedriza and Jaumot, 2020), and pharmaceuticals,
including antibiotics, hormones, and anti-inflammatory drugs (Zenker et al., 2014).

The problem of pharmaceutical contamination stands out as a global concern due to its far-reaching implications. Key concerns
include the emergence of antimicrobial resistance (Salam et al., 2023), insufficient international regulation on environmental risks
(Miettinen and Khan, 2022), and rising pharmaceutical consumption linked to demographic trends. Current consumption of phar-
maceuticals exceeds 100,000 tons per year, and the global market is expected to grow by approximately 6 % per year between 2023
and 2030 (Grand View Research, 2025).

Pharmaceuticals and their metabolites frequently enter wastewater systems through domestic, agricultural and industrial sources,
eventually reaching aquatic ecosystems (Gaw et al., 2014). Over 600 pharmaceuticals are detectable at significant concentrations, with
the most prevalent being antibiotics (e.g., sulfamethoxazole, trimethoprim, ciprofloxacin), anti-inflammatory drugs (e.g., diclofenac,
ibuprofen, naproxen), and hormones (e.g., estradiol, 17a-ethynylestradiol, and estrone) (aus der Beek et al., 2016; Manickum and
John, 2014). Among them, 477 different pharmaceutical compounds have been detected in European water bodies, accounting for
92 % of toxic micropollutants in European wastewater (An et al., 2024; European Council, 2024). These substances pose significant
risks to aquatic and terrestrial wildlife, as well as to human health, due to their biologically active and recalcitrant nature, rendering
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them resistant to conventional degradation processes (El-Fawal et al., 2020).

Conventional wastewater treatment methods, such as coagulation, flocculation, sedimentation and filtration, typically remove less
than 25 % of Pharmaceutical and Personal Care Products (PPCPs) (Archer et al., 2017). Biodegradation processes, particularly for
recalcitrant PPCPs, have shown limited effectiveness. To mitigate the environmental impact of PPCP discharge, advanced water
treatment technologies have been developed, such as membrane filtration, adsorption (e.g., using activated carbon or graphene ox-
ides), advanced oxidation processes (AOPs) and ultrasonication (Krishnan et al., 2021). However, adsorption and filtration merely
transfer PPCPs from water to solid phases, neither degradation nor detoxification of contaminants is achieved (Ghazal et al., 2022). In
contrast, AOPs show promise for the mineralization of recalcitrant micropollutants into carbon dioxide and water (Tufail et al., 2020).

Among AOPs, alternatives such as Fenton-based processes, ozonation, electrochemical oxidation, photocatalysis and photolysis
stand out (Merchant et al., 2024). The conventional Fenton process, a well-established AOP, efficiently removes organic pollutants
from wastewater by utilizing hydrogen peroxide (H202) as oxidizing agent and ferrous ions (Fe?*) as catalysts. It is most effective within
a narrow pH range (typically below 3), generates red sludge and involves substantial economic costs in large-scale applications (Wang
et al, 2016). In addition to Fenton oxidation, other systems have been investigated, such as peroxydisulfate- or
peroxymonosulfate-based AOPs. However, these systems can produce high concentrations of sulfate ions (SO+*), which may be
reduced to hydrogen sulfide or, in the presence of ammonium, lead to the formation of nitrophenolic compounds. Both of them can
disrupt microbial activity (Ma et al., 2022). On the other hand, photocatalysis using semiconductors has gained attention due to its
ability to degrade organic pollutants by generating reactive oxygen species. This technique overcomes the limitations of other
methods, such as high pH requirements or the generation of secondary contaminants. However, photocatalysis requires external
energy sources for light activation and the use of specific catalysts (Zhong et al., 2021).

On the other hand, advanced oxidation processes based on heterogeneous catalysts with semiconducting properties emerged in
recent decades as an alternative to conventional homogeneous technologies, since these materials provide high stability in solution,
biological and chemical inertness, and can be customized with doping agents to improve their photocatalytic properties. Apart from
this, they can be reused for a long time through the implementation of adequate separation steps or immobilization techniques, such as
filtration or immobilization on fibers, spheres or carriers (Ibhadon and Fitzpatrick, 2013). However, there are limitations for their use,
including charge recombination, mass transfer restrictions as well as higher costs compared to previously reported AOPs (Ilervolino
et al., 2020). Likewise, the catalyst manufacturing processes are complex, and their recovery may limit their potential for widespread
application due to environmental and cost-related concerns (Pavlovic et al., 2024). One possible solution is the use of nanostructured
magnetite (Fe3O4), which offers superparamagnetic properties that facilitate easier isolation and reuse from wastewater through an
external magnetic separation system (Elshypany et al., 2021). This approach improves the sustainability of the photocatalytic process
by enabling catalyst reuse and reducing synthesis-related impacts. However, to ensure that these new catalysts do not inadvertently
worsen process conditions or create unintended environmental impacts, comprehensive environmental studies should be conducted
during the early design stages. Such studies will inform decisions regarding both the design and operation of the process, aligning it
with sustainability goals.

Life Cycle Assessment (LCA) is a commonly used methodology for evaluating the environmental impacts of processes and tech-
nologies. While most LCA studies on photocatalysis focus on titanium dioxide (TiO2)-based systems (Elhami et al., 2023; Pesqueira
et al., 2024), there is limited research on alternative materials like FesO4/ZnO, especially for complex wastewater streams containing
pharmaceutical pollutants (Costamagna et al., 2020).

Furthermore, existing LCAs often target synthetic or single-component wastewaters, which do not accurately represent the
composition of real hospital effluents (Foteinis et al., 2018; Pesqueira et al., 2021). Notably, most environmental analyses of photo-
catalysis omit pharmaceutical wastewater as a target matrix. Some studies have analyzed components such as methylene blue dye
(Kong et al., 2023), phenol (Costamagna et al., 2020; Magdy et al., 2021), kraft mill bleaching (Munoz et al., 2005), a-methyl--
phenylglycine (Munoz et al., 2006), olive mill wastewaters (Chatzisymeon et al., 2013), cyanide (Dubsok et al., 2022), sodium
dodecylbenzenesulfonate (Dominguez et al., 2018) and Rhodamine B (Elhami et al., 2023). Among those that have addressed phar-
maceuticals, Foteinis et al. (2018) (17a-ethynylestradiol), Giménez et al. (2015) (metoprolol) and Pesqueira et al. (2021), (2024)
(carbamazepine, diclofenac and sulfamethoxazole) stand out. The latter two are likely the only studies on pharmaceutical micro-
pollutant removal that involve more than one compound in the influent composition.

From an environmental-technological perspective, various treatment methods have been compared, including heterogeneous
photocatalysis (with and without H202), photo-Fenton, the coupling of photocatalysis with photo-Fenton, solar photolysis (with and
without H20:2), adsorption by activated carbon, electro-Fenton, wet air oxidation, and electrochemical oxidation over boron-doped
diamond electrodes. The outcomes of these studies have been inconsistent. Some research indicates that solar-driven technologies,
such as photo-Fenton or photolysis, have a worse environmental profile than photocatalysis (Munoz et al., 2005; Pesqueira et al.,
2021), while other studies suggest the opposite (Giménez et al., 2015; Magdy et al., 2021).

While most studies have focused on laboratory-scale systems, only a limited number have progressed to pilot-scale operation (Wang
etal., 2021). However, selecting the appropriate treatment capacity is crucial to adapt laboratory processes for industrial applications,
meeting efficiency objective (Crater and Lievense, 2018; Zhang et al., 2025). The reactor performance must take into account several
factors, including temperature, pH, light intensity, pressure, oxygen concentration, pollutant composition, photocatalyst concentra-
tion, reactor geometry, and the presence of oxidizing agents (Sacco et al., 2020). Larger-scale systems benefit from increased
equipment efficiency (e.g., improved electrical performance of centrifugal pumps), leading to reduced energy consumption and
environmental impact.

Since pilot-scale technology has already been developed, the next step is to deploy a demo-scale system to meet the practical
requirements of full-scale wastewater treatment. Using Fes04/ZnO0 as the catalyst, the research evaluates four operational scenarios
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with primary data, varying oxidant concentration and light intensity. Additionally, nine hypothetical scenarios were developed for a
sensitivity analysis to determine whether achieving the minimum removal threshold imposed by European legislation (80 %) results in
a more sustainable strategy than direct effluent discharge. Furthermore, the recovery capacity of the magnetic nanocatalyst was
evaluated to identify how changes in this parameter influence the environmental profile. The findings contribute to bridging the gap
between laboratory-scale innovations and industrial applications, providing insights into the sustainability of advanced photocatalytic
technologies for real-world wastewater treatment challenges.

2. Methodology and methods
2.1. Technology description

Pilot-scale experimental data were obtained from a three-section tertiary treatment system, consisting of an influent wastewater
storage (Section 1), a photocatalytic degradation reactor (Section 2), and an effluent storage unit (Section 3), as shown in Fig. 1. The
stirred photocatalytic reactor (R-201 in Fig. 1) has a capacity of 75 L and operates in batch mode with approximately 30 % headspace.
It consists of a cylindrical vessel with a conical bottom, measuring 0.75 m in height and 0.50 m in diameter. Four 130 W ultraviolet
(UV) lamps are positioned equidistantly around the reactor and activated simultaneously during operation.

Due to their internal placement, the UV lamps TUV 55 W HF PL-L (Philips, Netherlands) deliver the UVC radiation directed towards
the reactor center. According to the information provided by manufacturer is 1.7 mWyyc/cm?, that is in line with the data of other
works. Additionally, this value is below the value of 20 mW/cm? at which the rate of the reaction exhibited a linear relationship with
the corresponding rise in light intensity (Iyyappan et al., 2024). On the other hand, the studies of Tra et al. (2023) and Anucha et al.
(2021) obtained values similar to ours: 0.28 and 1.2 mW/cmz, respectively.

The UV light excites the surface of the semiconductor nanoparticles onto which contaminants are adsorbed. The catalysts consist of
ZnO of 15 nm size in which the magnetite nanoparticles are deposited following a modified Massart method procedure (Massart,
1981), to improve catalysts separation applying external magnetic fields. The final composite reaches an average size of 690 + 134 nm
with spherical shape, as seen in Fig. Al of Supplementary Materials A. The photons emitted by the artificial light initiate redox re-
actions, leading to the formation of hydroxyl and superoxide anion radicals (Frederichi et al., 2021).

To maintain the nanoparticles suspended in the reactor, the wastewater is continuously agitated and recirculated by a single-phase
centrifugal pump (model EBARA CDXM/A 70/07, P-202). Located at the base of the R-201 reactor tank, the pump also prevents light
from interacting with the reactor internals by directing the liquid into an annular diffuser at the bottom of the cylindrical vessel.
Catalyst loading is a key parameter for effective pollutant removal in photocatalytic processes. An optimal loading of 200 ppm was
chosen to enhance the formation of electron-hole pairs and minimize overlap, ensuring that photons reach all layers of the photo-
catalyst, not just the upper layers (Guerra et al., 2019).

The reactor is emptied using a vane pump (VEVOR model MP-15RM, P-301) with a fixed flow rate of 14 mL/min. The reactor
effluent is stored in a buffer tank (TK-301) to adjust pH if necessary. Subsequently, catalytic particles are recovered using a magnetic
separator and returned to the reactor by pumping a concentrated solution separated from the effluent. The system also includes a
second buffer tank (TK-101) for the influent wastewater, allowing for continuous operation when coupled with other treatment stages.
Finally, hydrogen peroxide is added from the TK-201 tank to the R-201 reactor to generate highly reactive hydroxyl radicals in the
presence of the photocatalyst, thereby enhancing photocatalytic activity.

H,0, Photocatalyst*
Foreground of the system boundaries

Fig. 1. Process flow diagram (PFD) for photocatalytic micropollutant removal system. Acronyms: TK-101: Influent storage tank; TK-201: Hydrogen
hydroxide storage tank; TK-301: Effluent storage tank, R-201: Photocatalytic reactor; P-101: Influent feeding pump; P-201: Reactor effluent pump;
P-202: Reactor recycling pump; P-301: Discharge pump; M-201: Motor for magnetic separation.
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2.2. Technology goals and reasoning behind the proposal of case studies

To optimize the performance of the pilot-scale reactor described in Section 2.1., a two-level experimental design was implemented.
This approach involved varying hydrogen peroxide concentrations and light intensity while maintaining a constant catalyst con-
centration of 200 ppm, consistent with the typical catalyst loading range of 0.02-1.0 g/L (Ruziwa et al., 2023). This fixed concen-
tration was chosen to optimize reaction rates and light penetration, while minimizing issues such as particle aggregation, which can
hinder efficiency and increase environmental impacts from excessive catalyst use. Four operational scenarios were designed to assess
reactor performance:

1. Scenario PL: 200 mg/L of Hz02, 0.972 mW/cm? (between 290-390 nm) of light intensity (with 4 UV lamps operative) and
pollutant concentrations of 100 pg/L for pharmaceuticals (10 ug/L for hormones).

2. Scenario PL/2: Identical H20- concentration as PL, but with half the light intensity achieved by switching off two UV lamps.

. Scenario P/2 L: Reduced Hz0: concentration (100 mg/L) while maintaining the same light intensity as PL.

4. Scenario L: Without the addition of H202 but the same conditions of pollutant concentration and light intensity than PL.

w

These scenarios were designed to determine the kinetic constants for the targeted pollutants using first-order kinetic equations, and
to assess the scalability of the system. The findings have supported the development of mass balance models for various operational
systems, including continuous flow systems, aiding the transition from batch to industrial-scale wastewater treatment. The average
kinetic constants used for modelling can be found in Table A1.

From the scaled-up data obtained from the pilot-scale experiments, assumptions were taken to consider the photocatalytic reactor
as the tertiary treatment of a decentralized system (using membrane bioreactors as the secondary treatment) serving a 200-bed
hospital. The treatment capacity was set at 114.5 m® /d, based on reported hospital wastewater flow rates, which range from 19 to
2258 L/bed-d (Majumder et al., 2021; Ministerio de Sanidad, 2023). The influent characteristics were based on typical hospital
wastewater parameters for the pharmaceuticals. Hospital wastewater typically contains concentrations of anti-inflammatory drugs,
antibiotics, and hormones that are 8-15, 5-10, and 1-3 times higher, respectively, than those found in urban wastewater (Verlicchi
et al., 2010). Therefore, the average concentrations listed in Table 1 were used for the selected pharmaceuticals in this research.

Several assumptions were considered during the modelling and scale-up:

1. The design is based on a cylindrical photocatalytic reactor operating with the nanocatalyst in suspension in batch mode, without
light reflection from the walls.

2. The study focused on the mineralization of the selected micropollutants under light exposure and varying hydrogen peroxide
concentrations. Typically, the redox reactions of the species involved occur in multiple stages, generating intermediates. However,
secondary reactions between the primary micropollutants and the degradation intermediates were considered negligible. It was
also out of scope of this research the analysis of the changes in environmental impacts when considering other pollutants, and their
reactions, beyond those of the previously mentioned pharmaceuticals. Therefore, other parameters that may influence in the
overall COD or BOD degradation rates were not considered. This strategy prevents double counting in the impacts, since every
pollutant has been associated with specific environmental emissions factors based on its chemical structure. Because of this, the
impacts results achieved within this research for water eutrophication and ecotoxicity might be modified when incorporating other
pollutants.

3. For reactor operation under atmospheric conditions, the effect of temperature was assumed to have no impact on the removal rates.
Additionally, at ambient temperatures, external energy for heating was deemed unnecessary.

4. The light intensity near the lamps of the pilot-scale reactor, as monitored during this research, is 0.972 mW/cm?, which is under the
value of 20 mW/cm? at which the reaction rate exhibited a linear relationship with the corresponding increase in light intensity
(Iyyappan et al., 2024).

Table 1

Composition of hospital wastewaters, average values based on various literature sources expressed in ng/L.
Pollutants Hernandez-Tenorio et al., Dawood et al., Khan et al., Carraro et al., Carraro et al., Ajala et al., Zhao et al., Average

2022 2023 2021 2016 2016 2022 2021

El 30 25 27.39
E2 8.0 20.0 30.0 16.87
EE2 35 35.00
IBP 70,544 83,500 2888.5 1453 25,010 7,800 12,998.2
NPX 3,420 10,500 5,600 5,858.70
DCF 1,576 989 285.85 7620 883 1,245.55
SMX 3,000 390 12,716 1057 41,520 9,800 4,308.74
TMP 2,545.5 26,100 330 7,505 7,700 4,174.01
CPF 13,707 4,300 62,515 8,372.9 13,253.11

Note: El: Estrone; E2: Estradiol; EE2: 17a-ethynylestradiol; IBP: Ibuprofen; NPX: Naproxen; DCF: Diclofenac; SMX: Sulfamethoxazole; TMP:
Trimethoprim; CPF: Ciprofloxacin.
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5. The system operates isothermally, with micropollutant concentrations below 1 mg/L (Wang et al., 2021). Given the low organic
content and solid concentration in the influent wastewater, its properties can be considered similar to those of water in terms of
viscosity and density.

6. A1 % loss of the photocatalyst per batch was assumed. As the nanoparticle does not undergo any change in its chemical structure
during the treatment cycles, the catalyst must be replenished up to 200 mg/L to compensate for inefficiencies in the magnetic
separation process (Gonzalez-Rodriguez et al., 2021a). In this regard, the studies of Gamallo et al. (2018) and Fernandez et al.
(2020) demonstrated the feasibility of reuse of superparamagnetic iron oxide nanoparticles in multiple cycles, being the rate of loss
of around 0.07 %-1.38 % and 0.5 %, respectively.

2.3. Life Cycle Assessment

As outlined in previous Section 2.2, the inventory data from pilot-scale experiments were extrapolated to a scaled-up operation to
foresee the environmental hotspots of the photocatalytic reactor. This analysis followed the LCA methodology in accordance with ISO
14,040 and 14,044 standards (ISO, 2006). The study adopted a Cradle-to-grave approach, covering both the direct and indirect
emissions from the operation of the technology. Thus, construction, maintenance and dismantling phases were not analyzed. This
system has been characterized by three dimensions of the system boundaries: technological, geographical and temporary. Considering
the technological boundaries, our research could not be classified as gate-to-gate since we want to incorporate the effect also of indirect
emissions. Possible direct emissions for this type of tertiary treatment could be gases from the mineralization of micropollutants (such
as COy), the parent compounds that remain in the effluent after the treatment, the products of the transformation that are discharged
into the waters and the catalysts that are lost (since the recovery systems are not completely efficient). Among these, the parent
compound and catalysts discharge effects could be incorporated into this environmental impact assessment, but not that of the
transformation of co-products from micropollutants (due to lack of knowledge about the characterization factors). When it comes to
the gaseous streams, the IPCC (Intergovernmental Panel on Climate Change) indicates that CO, emissions from domestic wastewaters
can be considered biogenic (IPCC, 2019). Despite being highly loaded in recalcitrant compounds, hospital effluents are often regarded
as domestic and thus discharged into municipal sewers. Besides, the majority of the pollutants originate from human feces, which have
been produced in the short-term.

Indirect emissions were incorporated from the background processes of the Ecoinvent® V3.10 database, considering as raw
consumables the hydrogen peroxide and electricity. The replacement of photocatalyst material, accounting for losses during magnetic
separation recovery, cannot be found the Ecoinvent® database and thus, inventory and environmental impact data related to its
consumption were obtained from Feijoo et al. (2017). Apart from these three inputs, the influent wastewater is the last input of the
system. However, upstream impacts were not included from the wastewater since the system model of cut-off by ranking for allocation
has been selected. This implies that wastewater is a burden-free inflow, as in this model any type of waste is assumed to be the
producer’s responsibility (in this case the hospital).

When it comes to geographical system boundaries, the photocatalytic treatment was studied within a Spanish/European context
(using the Spanish electricity mix, hydrogen production average data for Europe and characterization factors for this region). There
were no limitations in the temporary system boundaries since Ecoinvent® data was needed for the background processes and

Table 2

Life Cycle Inventory for the operation of the photocatalytic reactor for the four proposed scaled-up scenarios and functional unit (1 m® of wastewater).
Life Cycle Inventory Analysis PL PL/2 P/2L L
Inputs from Technosphere
Chemicals
Hydrogen peroxide (g/m>) 126.74 126.74 63.37 0.00
Magnetic nanoparticles (replacement only) (mg/m®) 1.27 1.27 1.27 1.27
Energy
Pump for mixing tank (kWh/m?) 0.18 0.18 0.18 0.18
Pump for mixing reactor (kWh/m®) 0.24 0.24 0.24 0.24
Pump for discharging reactor (kWh/m?) 3.48-1072 3.48-1072 3.48.1072 3.48.1072
Pump for recycling in buffer tank (kWh/m>) 0.18 0.18 0.18 0.18
Lighting (kWh/m®) 1.23 0.61 1.23 1.23

Emissions to the environment
Treated effluent

Estrone (ug/m>) 4.24 3.96 4.34 4.50
Estradiol (ug/m>) 1.29 1.40 1.29 1.50
17a-ethynylestradiol (ug/m?) 7.01 7.45 7.03 7.99
Ibuprofen (mg/m>) 0.23 0.29 0.30 0.35
Naproxen (mg/ms) 0.73 0.95 0.82 1.12
Diclofenac (mg/rn3) 0.07 0.05 0.02 0.03
Sulfamethoxazole (mg/m®%) 0.43 0.49 0.27 0.61
Trimethoprim (mg/m?®) 0.86 0.96 0.93 1.00
Ciprofloxacine (mg/m?) 0.29 0.46 0.33 0.99
Iron oxide (mg/m®) 1.27 1.27 1.27 1.27

Notes: PL: 200 mg/L of H202, 1.12 W/m? PL/2: 200 mg/L of H202, 0.56 W/m? P/2 L: 100 mg/L of H202, 1.12 W/m?; L: 0 mg/L of H202, 1.12 W/m?.
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foreground data taken from laboratory experiments can be dated in 2025.

The Life Cycle Inventory (LCI) of the four proposed scenarios is presented in Table 2. The inventory data was processed using the
SimaPro 9.6.0.1 software, which translates inputs, outputs, and emissions into environmental impact scores (Pré Sustainability, 2024).
An attributional LCA modeling approach was chosen, as it evaluates the environmental impacts of processes or products without
considering indirect behavioral consequences (Finnveden and Potting, 2014).

The functional unit (FU) for the study is defined as "the treatment of 1 m® of wastewater (Paulu et al., 2021), achieving at least 80 %
removal for the reference pollutant of the pharmaceutical wastewater mixture". Sulfamethoxazole was selected as the reference
compound for the PL scenario based on the following criteria: (1) it is among the three most concentrated pollutants in the influent, (2)
it exhibits one of the three lowest removal efficiencies, and (3) it allows for feasible residence times and reactor volumes. This FU
ensures steady-state operation and reflects both volume and micropollutant removal, which are critical for comparing photocatalytic
technologies in wastewater treatment.

Table 4 highlights the LCA methodologies considered in the literature. ReCiPe 2016 was used in 7 out of 14 studies listed; however,
it lacks characterization factors for most micropollutants analyzed (6 out of 9 in Table 3). To overcome this limitation, alternative
methods, such as Impact World + midpoint and EF 3.1, were identified as more suitable for assessing environmental impacts on
aquatic ecosystems. These methods offer a comprehensive environmental profile, considering factors like climate change, eutrophi-
cation, and resource depletion. USEtox was applied for the toxicity categories. Impact World+ also utilizes USEtox for assessing
ecotoxicity and human toxicity, but the parameters have been adjusted at a global level.

Since the treatment facility is located in Spain (Europe), EF 3.1 has been selected as the impact assessment method for this study.
This choice is due to the fact that EF 3.1 partially addresses regionalization, with characterization models that are representative of
Europe (Bulle et al., 2019). In other words, it assumes that all life cycle emissions and resource consumption occur under European
conditions. However, this may not fully reflect the global context, where certain chemicals may be sourced from other regions, and
where legislative measures in some countries may not be as stringent as those in Europe. Despite EF 3.1 offering a larger number of
characterization factors for toxicity, the SimaPro methods currently lack factors for 17a-ethynylestradiol, naproxen, and ciprofloxacin.
As a result, these substances have been assumed to behave similarly to estradiol, ibuprofen (since it is also a propionic acid derivative),
and enrofloxacin in the environment.

Based on the midpoint method selected, the impact categories under study are: climate change (CC - kg CO2 ¢q.), acidification (AC -
mol Hérq_), freshwater ecotoxicity (FET - CTU,), particulate matter (PM - disease inc.), marine eutrophication (ME — kg Neg.), freshwater
eutrophication (FE - kg Peq.), terrestrial eutrophication (TE — mol Neg.), human toxicity cancer (HTC - CTUy), Human toxicity non-
cancer (HTNC - CTUy), ionizing radiation (IR — kBq U-235¢4), land use (LU - Pt), ozone depletion (OD — kg CFCl1eg), photochem-
ical ozone formation (POF — kg NMVOCc ), fossil resource use (FRU - MJ), mineral resource use (MRU — kg Sbeq.) and water use (WU —
m® deprived). All the cited MidPoint impact categories were chosen for the analysis. The rationale behind this is the anticipated
application and future comparison of the results from this LCA study with those of other state-of-the-art studies, as well as the ability to
correlate these results with upcoming Product Environmental Footprints conducted under the Commission Recommendation (EU)
2021/2279 of 15 December 2021 on the use of the Environmental Footprint methods to measure and communicate the life cycle
environmental performance of products and organizations.

2.4. Proposal for the sensitivity analysis

The selection of the target component within a complex mixture of micropollutants, the energy consumption from the operation of
the reactor and the catalyst losses caused by inefficiencies in the permanent magnetic separation unit can be recognized as sensitive
parameters in the environmental profile of a photocatalytic wastewater treatment process. The first two critical aspects were with-
drawn from the environmental outcomes, taken the analysis of the baseline scenario PL and, thus, can be found in the results section of

Table 3
Availability of characterization factors among impact methods for the selected pharmaceuticals of the study.

All : Impact World .,
; ) ReCiPe . . CML-1A  Traci 2.1
Name of pharmaceutical | SimaPro F3.1 + midpoint .
2016 V1.08 Baseline V1.07
methods V1.02

Estrone

Estradiol
17a-ethynylestradiol
Ibuprofen

Naproxen

Diclofenac
Sulfamethoxazole
Trimetoprim
Ciprofloxacine

Total of "yes"

Note: The green color indicates that the characterization is available and the red color that it is not.
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Table 4
Characteristics of the life cycle assessment studies found within the literature for photocatalytic treatment of wastewaters.
Catalyst material ~ Target compound Functional unit Software Method Reference
R . N 3 -
Titanium oxide Kraft mill bleaching The rerr.loval of 15 % DOC from 1 m” kraft NA NA I\{Iunoz et al.
wastewater pulp mill wastewater (2005)
Insti f N
. . . To treat 1 m® of synthetic a-methyl- SimaPro nst1.tute © . Munoz et al.
Titanium oxide a-methyl-phenylglycine . . Environmental Sciences
phenylglycine solution (500 mg/L) 6.0 R (2006)
of Leiden
IPCC 2007 V1.02 and
imaP: iPe V1. Chatzis
Titanium oxide Olive mill wastewater 1 L of olive mill wastewater 3121: ro Eiee(i;rih\i/st 2161’(1 etlall'égyonll;;n
egalitarian
- . The removal of 30-50 % TOC from 1 L of  SimaPro Giménez et al.
Titanium oxide Metoprolol . NA
50 mg/L metropolol aqueous solution 7.0 (2015)
- . . 1 pg of 17a-ethynylestradiol from 1 L of SimaPro ReCiPe 2016 endpoint Foteinis et al.
Titanium oxide 17a-ethynylestradiol wastewater 8.0 method, hierarchist (2018)
3 i 9
Titanium oxide ‘ 1m o.f treated greyw./vater with 90 % ‘
X Sodium reduction of the Sodium . Dominguez et al.
Aeroxide® . Gabi 6.0 NA .
P25 dodecylbenzenesulfonate dodecylbenzenesulfonate initial (2018)
concentration
Zi ide doped
mcv?itlh (raar(e)pe The reaction constant to complete SimaPro Cumulative Energy Costamaena et al
carth Phenol degradation of 60 mg/L of phenol in 8.0 Demand and the IPCC ( 2 (‘J 2‘0) cerE
MilliQ water : 2013 GWP 100 y
elements
The treatment of 1 m® of urban secondary
Titani i iPe 201 i i Pesqueira et al.
ltar;;;n oxide CBZ, DCF, SMX wastewater containing 5 pg/L of CBZ, SimaPro 9 §1ee(t:}110ed ai :J;ggzmt ( ;83111;” teta
DCF and SMX
ACHV,ﬂ ted. carbon/ 1 m® of phenol solution with an initial . CML 2000 baseline Magdy et al.
titanium Phenol concentration of 100 mg/L SimaPro method and Eco- (202 1')
oxide 8 indicator 99 method
Titanium dioxide/
i 9 i Dubsok et al.
iron (ITD) Cyanate and cyanide The degradation of 98 % cyanate from 1L  SimaPro IMPACT 2002+ method 'u ?s'o k et a
. wastewater 9.0 (2022)
chloride
Graphene oxide/ ReCiPe 2016 V1.1
titanium Methylene blue 1 kg TiO2/rGO Gabi midpoint and endpoint Kong et al. (2023)
oxide method, hierarchist
Chlor.oph.yll/ . . . SimaPro RPTCIP(? 2016 V1.03 . Elhami et al.
titanium Rhodamine B The degradation of 1 kg rhodamine B midpoint and endpoint .
. 9.0.0.48 (2023)
oxide method
de de Simone
ReCiPe 2016 midpoint
Titanium oxide Greywater 1 m® of water for toilet flushing NA enre . m Pom Souza et al.,
method, hierarchist B
(2023)
h .
Gra;;itzr:izuori(llde/ CBZ The treatment of 1 m® of urban secondary ~ SimaPro ReCiPe 2016 midpoint Pesqueira et al.
oxide wastewater to remove 5 pg/L of CBZ 9.4.0.2 P (2024)

Notes: CBZ: Carbamazepine; DCF: Diclofenac; DOC: Dissolved Organic Carbon; NA: Not Available; TOC: Total Organic Carbon; SMX:
Sulfamethoxazole.

this manuscript. The last assumption was taken from other results from literature beyond that of Gamallo et al., (2019) and Fernandez
et al. (2020). In this regard, Gonzdlez-Rodriguez et al., (2021b) demonstrated that the recovery rate of the could vary between around
28 %-86 % depending on whether the separation is performed for bare, polyacrylic acid coated or supported nanoparticles. This is
indicative that the catalyst losses may be dependent on a multitude of aspects including magnetic properties, size, zeta potential,
agglomeration or matrix composition.

Therefore, the first group of scenarios was designed to cover for the selection of the target component. Trimetroprim, diclofenac
and 17a-ethynylestradiol were tested instead of sulfamethoxazole. Two key aspects are adjusted through the selection of the reference
pollutant: the batch time and the reactor volume. The first parameter has a significant influence on the LCA, as it determines the
operating time of the lamps and, consequently, the electricity consumption. The reactor volume, in contrast, is not the focus of this
study, since its implications are limited to the construction phase, which lies outside the system boundaries. Nevertheless, this may
represent a limitation for cost-benefit analyses, as the reactor size could range from 2.4 to 25.7 m>. The following scenarios were
proposed:

1. PL-TMP: Modified PL scenario with 80 % removal of trimethoprim. TMP has been chosen since it is the compound with the lowest
removal efficiency.

2. PL-DCF: Modified PL scenario with 80 % removal of diclofenac. DCF is the compound with the best removal efficiency.

3. PL-EE2: Modified PL scenario with 80 % removal of 17a-ethynylestradiol. This scenario aims to analyze the effects of prioritizing
the removal of compounds with the most significant environmental damage, based on their LCIA (Life Cycle Impact Assessment)
characterization factors.
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The second group of scenarios aimed to study the effects of the improvement of light efficiency since the reduction of the light
intensity inside the reactor was verified with the PL/2 scenario.
4. PL/4- Energy: The energy consumption of the lamps is 25 % of the original PL scenario. The assumption is that the electricity
decrease will not affect the kinetics of the process since the light intensity is supposed not to change.
5. PL/8 - Energy: Similarly to the previous PL/4 scenario, the energy demand was again reduced to half of the baseline PL scenario.
6. PL/2-Energy: The original PL/2 scenario was designed to understand how the photocatalytic reaction was affected by the light
intensity inside the reactor. However, the purpose of this scenario is to keep the same light intensity of PL but reduce the energy
demand. This could be achieved through the change of the type of lamps of the reactor for others to be more efficient and able to
consume less energy from the grid (the half) but resulting in the same light intensity.
Strategies for the target component selection and energy demand variations were also jointly proposed.
7. PL/2-EE2: This scenario is similar to scenario PL/2, but with EE2 as the target pollutant to achieve 80 % removal. In this case, light
intensity has been modified, affecting the process kinetics.
8. PL/2-EE2 Energy and PL/4-EE2 Energy: Similar assumptions have been taken to scenario PL/2-Energy but EE2 is the reference
contaminant instead of sulfamethoxazole (the contaminant used in the baseline initially proposed four scenarios). For PL/4-EE2
Energy the electricity demand was reduced to half.

In this regard, the purpose of these three groups of scenarios is to analyze whether the photocatalytic reactor can emerge as a
potential technology capable of meeting the removal efficiency thresholds set by Directive (EU) 2024/3019, while ensuring that the
indirect impacts do not exceed the damage that could potentially result from inaction.

Finally, and for the catalyst losses, twelve scenarios taking values between 0.05 % and 100 % were proposed to determine relative
and absolute variations in the environmental profile of the photocatalytic treatment.

3. Results
3.1. Analysis of inventory

The inventory analysis results for the scale-up scenarios focus on the treatment of hospital wastewater, which was initially pro-
cessed through a membrane bioreactor (secondary treatment) and subsequently fed into photocatalytic reactors for the removal of
residual micropollutants. The LCI is structured into three main categories: energy, chemicals, and emissions.

Among the evaluated scenarios, PL/2 showed the best performance in terms of energy efficiency, with a total consumption of 1.59
kWh/m? . In this case, lighting accounted for 53 % of the energy usage. The remaining scenarios exhibited energy consumption
approximately 35 % higher, with lighting representing nearly 70 % of the total demand. Specifically, the PL scenario exhibited an
energy demand referent to lighting of 1.23 kWh/m?, a value significantly lower than the values reported for lab-scale photocatalytic
systems (44-50,000 kWh/m®) depending on reactor volume and irradiation configuration. The lower values of that interval have been
reported by Tra et al., (2023) and Malakootian et al. (2020), both with systems for a total reaction volume of 2 L. and 800 mL
respectively.

Therefore, this discrepancy can be attributed to scale effects and design optimization in pilot-scale treatments, which improve light
utilization and minimize losses in top- and bottom-irradiated reactors. Although direct comparisons are constrained by the absence of
standardized energy reporting in the literature, the findings of this study indicate that the energy consumption obtained is higher than
that of conventional UV-based disinfection technologies (around 0.5 kWh/m®) and in line with photocatalytic systems, approaching
the lower boundaries of full-scale (Miklos et al., 2018).

Apart from lighting, other components such as pumps remained consistent across all scenarios, although they still contribute
significantly to the overall energy footprint. Scenarios P/2 L and L demonstrated reduced chemical consumption, particularly in terms
of hydrogen peroxide, when compared to the baseline PL scenario. These alternatives present more sustainable options from the
chemical use perspective.

When it comes to emissions, the results may vary depending on the selected target pollutant. Using sulfamethoxazole as reference
(for the baseline scenarios) to achieve the 80 % removal efficiency required by legislation and considering a typical hospital influent
(see Table 1), the pollutants of greatest concern in the effluent were trimethoprim and naproxen. The PL scenario showed the highest
removal efficiency for these compounds—approximately 21 % for trimethoprim and 46 % for naproxen—followed by P/2 L, with
14 % and 39 % removal, respectively. These results suggest that trimethoprim would have been a more suitable candidate as the
reference compound for meeting the 80 % removal threshold. However, prioritizing this compound would significantly extend the
operational time—from roughly 40 min to 274 min—requiring a larger reactor volume and substantially increasing energy demand for
lighting, reaching up to 14.8 kWh/m®. Under such conditions, energy consumption would exceed typical values reported in the
literature for conventional wastewater treatments that also target nutrient, pathogen, and emerging contaminant (0.5-2.0 kWh,/m?)
(Ghimire et al., 2021). On the other hand, it should be taken into account here that a decrease in toxicity from the removal of pol-
lutants, and thus direct emissions, might not be compensated with an indirect contamination by other sources (e.g., electricity and
chemicals).

PL is better for the removal of 5 (shown in Table 2) of the 9 micropollutants under assessment while P/2 L is better for 3 of them
(estradiol, diclofenac and sulfamethoxazole). It should be considered also that P/2 L is also the second-best scenario for the removal of
the 5 contaminants previously mentioned for PL. Indeed, the maximum difference between both scenarios can be found for ibuprofen
(23 %), and ciprofloxacin (13 %). The worst removal efficiencies are achieved for the L scenario.
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Based on the previously discussed aspects related to energy consumption, chemical use, and emissions, there is no single scenario
that clearly outperforms the others across all categories, which creates a certain level of controversy when identifying the most
environmentally favorable option. Scenario L performs best in terms of reduced chemical consumption. Scenario PL stands out for its
higher removal efficiency and lower emissions, while scenario PL/2 shows the lowest overall energy demand. In this regard, the
subsequent Section 3.2 would provide a hotspot analysis and scenario benchmarking considering all the elements together based on
the different categories of the EF3.1 method.

3.2. Hotspot and scenario benchmarking

Except for WU and FET, the profile of the photocatalytic process is characterized by the consumption of energy in more than 95 %
(shown in Fig. 2). In accordance with the LCI, the lightning has a contribution of around 65 %. The use of pumps represents around
34 %. The chemicals (nanoparticles and hydrogen peroxide) represent less than 2 % in all categories except for WU (85 %) and MRU
(5 %). In both scenarios, the main contributor to the environmental impact is the use of nanoparticles, primarily due to an estimated
1 % loss per operational batch that should be replaced. Additional explanations regarding the environmental footprint associated with
the nanoparticles are detailed in Feijoo et al. (2017).

In the FET category, the direct effluent emissions may represent around 27 %. However, not all of them have an influence in the
same extent. The hormones EE2 and E2 are the concerning pollutants, representing 80 % and 15 % of the effluent emissions. This is
contradictory to the information of Table 1, where the hormones represented less than 0.5 % of the mass weight of the emissions. This
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Fig. 2. Relative contribution impact (MidPoint) profile for the PL (a), PL/2 (b), P/2 L (c) and L (d) scenarios. AC: Acidification; CC: Climate Change;
FE: Freshwater Eutrophication; FET: Freshwater Ecotoxicity; FRU: Fossil Resource Use; HTC: Human Toxicity Cancer; HTNC: Human Toxicity Non-
Cancer; IR: Ionizing Radiation; LU: Land Use; ME: Marine Eutrophication; MRU: Mineral Resource Use; OD: Ozone depletion; PL: 200 mg/L of H20z,
1.12 W/m?; PL/2: 200 mg/L of H202, 0.56 W/m? P/2 L: 100 mg/L of H202, 1.12 W/m?; L: 0 mg/L of H202, 1.12 W/m? PM: Particular Matter; POF:
Photochemical Ozone Formation; TE: Terrestrial Eutrophication; WU: Water Use. [l Hydrogen peroxide; [ Nanoparticles; [ Mixing tank; [
Reactor mixing;| Reactor discharge; | Buffer tank; [l Lightning; [l Estrone; [l Estradiol; ] 17a-ethynylestradiol; [ll Ibuprofen; [ Diclofenac; |
Naproxen; [l] Sulfamethoxazole; [l Trimethoprim; [ll Ciprofloxacine; [ll iron oxide emission.
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result can be explained by the findings from the LCIA phase. For instance, the characterization factor of E2 is approximately 124 times
higher than that of trimethoprim, which is the most concentrated pharmaceutical compound present in the effluent. This is consistent
with the relatively low removal efficiencies observed for hormonal compounds, which range from 30 % to 38 % at an operational time
of 40 min.

The total FET of the PL scenario is 1.86 CTUe/m® for a removal of 80 % of sulfamethoxazole and 0.49 CTUe/m> comes from the
direct emissions to the environment. The impact of discharging the influent of the photocatalytic reactor to the environment would be
3.64 CTUe/m®, which is almost 2 times higher than the indirect impacts from the treatment and the effluent release considering only
the parent components. This outcome improves significantly in the PL/2 scenario, where lighting energy consumption is reduced by
half, achieving a performance that is 2.5 times better.

Although the PL and P/2 L scenarios reach the highest removal efficiencies, as shown in Table 1 and discussed in Section 3.1, the
PL/2 scenario demonstrates the most balanced overall behavior. This is due to a compensation between direct emissions and indirect
toxicity impacts, which offset each other and lead to a more favorable environmental profile.

Fig. 3 shows how the PL/2, where there is a reduction of the light intensity, has the best outcomes in all of the EF3.1 categories.
With the exception of scenario WU, the improvement is approximately 30 %. Another noteworthy finding is that the freshwater
ecotoxicity result for scenario P/2 L is 5.2 % lower than that of scenario L. Scenarios PL and P/2 L exhibit similar environmental
profiles, with differences smaller than 0.3 %. This suggests that reducing the hydrogen peroxide concentration by half does not lead to
significant changes in the environmental impact. However, completely eliminating this oxidizing agent negatively affects the removal
efficiency, which in turn increases the freshwater ecotoxicity.

3.3. Results of the sensitivity analysis

As has been already discussed in Section 3.2, all the impact categories are reporting similar results to climate change, with the
exception of WU and FET. Therefore, this section will only focus on a deeper investigation of the evolution of the CC and FET categories
based on the target pollutant to be removed, the energy consumption in the lamps and the catalyst losses. The goal here is to determine
whether the photocatalytic treatment direct and indirect impacts are lower than those potentially generated by an inaction or
discharge of the wastewater without treatment.

PL-TMP, PL-DCF and PL-EE2 scenarios of Table 5 are related to the change of the reference pollutant, which is the one that needs to
reach 80 % of removal among the mixture of 9 contaminants. The best performance in terms of environmental impact for both CC and
FET is PL-DCF. However, this scenario is the worst performing in terms of accomplishment of the legislation thresholds. The reasoning
behind this is the inability of the process to achieve the 80 % removal for 7 (except DCF and CPF) of the 9 compounds of the influent
wastewater mixture. Although it is the less environmentally friendly scenario, PL-TMP is able to remove all the micropollutants with
the minimum desired removal. However, the ecotoxicity implications for the freshwater resources of the installation of such process
are 3 times bigger than that of discharging the wastewater directly to the media. Under the current operating conditions of PL, trying to

Fig. 3. Relative comparative impact (MidPoint) profile for the PL (), PL/2 (i), P/2 L (M) and L (J]) scenarios. AC: Acidification; CC: Climate
Change; FE: Freshwater Eutrophication; FET: Freshwater Ecotoxicity; FRU: Fossil Resource Use; HTC: Human Toxicity Cancer; HTNC: Human
Toxicity Non-Cancer; IR: Ionizing Radiation; LU: Land Use; ME: Marine Eutrophication; MRU: Mineral Resource Use; OD: Ozone depletion; PL:
200 mg/L of H202, 1.12 W/m? PL/2: 200 mg/L of H202, 0.56 W/m? P/2 L: 100 mg/L of H202, 1.12 W/m? L: 0 mg/L of H202, 1.12 W/m? PM:
Particular Matter; POF: Photochemical Ozone Formation; TE: Terrestrial Eutrophication; WU: Water Use.
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Table 5
Climate change and freshwater ecotoxicity absolute MidPoint outcomes for the scenarios proposed for a
sensitivity analysis.

Scenarios CC (kg COseq./m>) FET (CTUe/m?%)
Baseline scenarios

PL 0.62 1.86
PL/2 0.42 1.41
P/2L 0.62 1.90
L 0.62 1.96
Scenarios with change of target component

PL - TMP 4.94 10.94
PL - DCF 0.37 1.41
PL - EE2 3.02 6.80
Scenarios with change of electricity

PL/2 - Energy 0.42 1.41
PL/4 - Energy 0.32 1.18
PL/8 - Energy 0.26 1.07
Strategic combined scenarios

PL/2 - EE2 Energy 1.81 4.13
PL/2 - EE2 1.81 4.13
PL/4 - EE2 Energy 1.20 2.79

Notes: L: 0 mg/L of H202, 1.12 W/m?; PL: 200 mg/L of Hz02, 1.12 W/m? PL/2: 200 mg/L of H20, 0.56 W/
m? P/2 L: 100 mg/L of H202, 1.12 W/m? PL-TMP: PL with trimethoprim as reference; PL-DCF: PL with
diclofenac as reference; PL-EE2: PL with 17a-ethynylestradiol as reference; PL/2-Energy: PL with half of
energy demand in the lamps; PL/4-Energy: PL with 1/4 of energy demand in the lamps; PL/8-Energy: PL
with 1/8 of the energy demand in the lamps; PL/2-EE2: PL with half of energy demand in the lamps and 17a-
ethynylestradiol as reference; PL/2 -EE2: PL/2 with 17a-ethynylestradiol as reference; PL/4- EE2 Energy: PL
with 1/4 of the energy demand in the lamps and 17a-ethynylestradiol as reference.

achieve 80 % removal of EE2 is still not a good strategy from an environmental perspective with 1.9 more environmental impact than
direct discharge. However, the PL-EE2 process allows to satisfactorily remove all contaminants except estradiol and trimethoprim,
which has 79 % and 63 % removal efficiencies (relatively close to the legislation-imposed criteria).

Table 5 also shows the results for the scenarios with energy changes in the lamps. For the reference pollutant (SMX), the CC
category may vary between 0.26 and 0.62 kg COzeq./m>. The change of the reference pollutant to EE2 report values around 34 %
bigger for CC and the PL/2 scenario considering half of the light intensity. In terms of FET, the impact remains approximately 1.14
times higher than taking no action to mitigate the environmental toxicological damage to aquatic ecosystems. To ensure a reasonable
operation of the photocatalytic reactor, the recommended solution would be to reduce the electricity consumption of the lamps to one
quarter of that used in the current PL scenario, while maintaining the requirement that 80 % of EE2 is removed. Under these con-
ditions, seven out of nine micropollutants would meet the legislative thresholds, with an environmental cost that remains sustainable
when compared to the impact of directly discharging the untreated effluent into the environment. The PL/4-EE2 Energy needs,
however, the release of 1.2 kg COzeq./m® while is higher compared to the average expected for conventional domestic WWTPs
(~0.30 kg COzeq./mB) (Sala-Garrido et al., 2023). To meet legislative thresholds for all micropollutants while ensuring high envi-
ronmental protection, additional treatment measures may be proposed, and future research could explore the integration of com-
plementary technologies. In this context, attention should be given not only to treatment systems but also to effective strategies for
remediation and risk reduction (Bi et al., 2025; Qu et al., 2024).

Two key aspects influence the catalyst loss rate: (1) indirect impacts from manufacturing and (2) direct effluent emissions caused by
inefficiencies in the magnetic recovery system. The CC category is affected only by material consumption, while toxicity-related
categories are more sensitive to direct emissions.

For every 1 % loss of catalyst, CC emissions rise by approximately 3.2 - 10-3 kg COzeq./m>, which can result in an increase of nearly
24 % at maximum loss. This corresponds to up to 33 % of the relative contribution from the photocatalytic process. Under the PL
scenario, CC could therefore increase from 0.62 to 0.93 kg COzeq./m>. The trend of CC emissions, along with the relative contribution
of Fes04/ZnO nanoparticles to the overall treatment process is shown in Figs. A2a and A2b (Supplementary Materials A).

When iron oxide is used as the reference material for direct water emissions, human non-cancer ecotoxicity is affected, with a
0.04 % contribution per 1 % catalyst loss. In the extreme case of no catalyst recovery, these emissions could reach up to 3.3 %.
However, the EF3.1 method also provides characterization factors for iron (III) emissions instead of iron oxide. Using iron (III) as the
reference factor shifts the impact to the freshwater ecotoxicity (FET) category. Here, emissions represent only 0.3 % per 1 % catalyst
loss, but the impact becomes more significant at higher losses (e.g., nearly 22 % representativeness at 100 % loss). Further details are
presented in Fig. A2c.
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4. Discussion of results
4.1. The removal efficiency of pharmaceuticals

The main objective of the photocatalytic reactor is to reach an 80 % removal efficiency of micropollutants, as required by Directive
(EU) 2024/3019. Nevertheless, the degradation rates associated with photocatalytic technologies do not consistently meet the leg-
islative thresholds for all target compounds. To better understand this limitation, a comprehensive review of 151 studies was carried
out. This analysis provided detailed information on the average, maximum, and minimum removal efficiencies achieved using various
heterogeneous photocatalysts, offering a valuable benchmark for evaluating the performance of the pilot-scale reactor. Information on
removal efficiency, both annually and on average, is provided in Table 6 and, by publication, inTable B1 (in Supplementary Materials
B).

As shown in these tables, the average removal efficiency of pharmaceuticals using photocatalysis in literature ranges from 68.3 %
(for TMP) to 90.7 % (for E2). Hormones generally exhibit the best performance, with removal efficiencies ranging from 53.3 % to
100 %, while antibiotics can show removal efficiencies as low as 12 %.

It is important to note that the studies compiled in Supplementary Materials B and summarized in Table 6 were not conducted
under uniform experimental conditions, as there are no standardized methodologies for assessing micropollutant removal through
these types of processes. Furthermore, the reviewed works consider diverse photocatalytic materials, catalyst concentrations, reaction
matrix pH levels, and irradiation sources (e.g., UVC, UVB, UVA, artificial visible light, and solar light).

For this reason, the present study adopts a holistic perspective on photocatalytic processes, selecting removal efficiencies obtained
under the most favorable experimental conditions and comparing the optimized performance parameters of each proposed technology.
The detailed information gathered during the literature review, including initial micropollutant concentrations, material type, catalyst
loading, degradation time, pH (when specified), and reaction time, is provided in Table B1 of the Supplementary Materials. Although
no standardized testing conditions were identified, typical variable ranges and recurring experimental configurations were observed.

In terms of catalysts, Ti-based materials were the most extensively studied, followed by Bi-based, Fe-based, and carbon nitride
materials. The main strategies applied to enhance photocatalytic performance include doping with transition metals (e.g., Fe, Ni, Cu)
or non-metals (e.g., N), as well as the development of nanocomposites. The average reaction time reported is approximately 150 min,
ranging from 15 min to 10 h. Initial pollutant concentrations typically fall within 10-50 mg/L, while catalyst loadings vary between
0.1 and 6.0 g/L, most frequently around 1 g/L. The irradiation source depends on the material investigated; however, nearly two-
thirds of the reviewed studies employ artificial visible light, most commonly using a Xenon lamp equipped with a 400-420 nm cut-
off filter. In contrast, the use of natural solar irradiation or direct sunlight accounts for less than 10 % of cases.

A particularly noteworthy finding from the literature is the absence of pilot-scale reactors, with most experiments performed in
volumes ranging from 10 mL to 2 L, except for membrane-coupled systems, where treated effluent volumes can reach up to 4 L. In this
context, the present study provides a significant contribution by reporting micropollutant removal efficiencies for pilot-scale reactors,
thereby bridging the gap between laboratory experimentation and real-world applications of photocatalytic technologies.

The removal efficiencies observed in the baseline scenario PL ranged from 33 % for trimethoprim to 98 % for diclofenac during a
60-minute batch operation of the pilot-scale photocatalytic reactor. In this treatment, the highest efficiencies were obtained for anti-
inflammatory drugs, with values between 56 % and 98 %, followed by antibiotics, ranging from 33 % to 94 %. In contrast, hormones
showed the lowest removal efficiencies: 43 %-55 %. When scaling up the process for hospital wastewater treatment, overall degra-
dation efficiencies decreased to a range of 21-93 %. This reduction was primarily due to the adjustment of operation time based on the

Table 6
Summary of average, upper and lower removal efficiencies of the selected micropollutants with heterogenous photocatalysis per year.
Year E1 E2 EE2 IBP NPX DCF SMX TMP  CPF  Publication (No.)
2024 - - - 50.0% 81.8% 74.8% 87.7% - 79.0% 14
2023 - 86.0% - - - 65.3% 81.2% - 79.1% 8
2022 - - - - - 87.6% 62.9% - 90.2% 14
2021 87.5% - - 93.9% - - 86.8% - 94.7% 19
2020 71.1% - 66.0% 91.2% - 83.9% 74.0% 87.0% 84.4% 25
2019 - - - 89.0% 82.7% 78.8% 73.4% 76.0% 72.1% 25
2018 88.0% - - 93.2% -  62.5% 86.3% 42.5% - 10
2017 - - - 71.4% - - 82.5% 84.0% 54.4% 16
Before 2017 |95.0% 100.0% 100.0% 80.4% -  69.0% 53.4% 60.2% 85.4% 20

Median average 82.5% 90.7% 83.0% 85.4% 82.2% 75.8% 76.9% 683% 80.7%
Uppervalue  95.0% 100.0% 100.0% 99.9% 82.7% 98.0% 98.8% 87.0% 100.0% -
Lowervalue 53.4% 82.0% 66.0% 26.6% 81.8% 47.9% 20.2% 42.5% 12.0%

Note: El: Estrone; E2: Estradiol; EE2: 17a-ethynylestradiol; IBP: Ibuprofen; NPX: Naproxen; DCF: Diclofenac; SMX: Sulfamethoxazole; TMP:
Trimethoprim; CPF: Ciprofloxacin.
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selection of a target pollutant required to meet a minimum removal threshold of 80 %.

According to first-order degradation kinetics, all micropollutants could reach at least 80 % removal with approximately 4.5 h of
operation. This observation underscores the importance of correlating removal efficiency with the corresponding residence time and
associated resource consumption. Although the efficiencies reported in this study are consistent with those in the literature, direct
comparisons cannot be made without considering the required operation time to achieve them.

4.2. The performance of photocatalysis with a literature overview

According to the literature, the environmental performance of photocatalysis is proportionally energy-dependent, while the impact
of reagents and catalysts is relatively low in comparison. Thus, the lower the energy consumption, the better the environmental profile
(Chatzisymeon et al., 2013). Reported results indicate that electricity may contribute up to 93 % of the climate change compared to
other inventory components (Munoz et al., 2005). The most contributing factors are the lamps that ensure light irradiation, and the
stirrers used for catalyst mixing (Foteinis et al., 2018). The research presented in this manuscript aligns with these outcomes of the
literature since the energy consumption of the lamps is the main contributor and also the energy represents more than 95 %. Therefore,
the use of more energy-efficiency lamps should be promoted. Another strategy, as analyzed by Munoz et al. (2006), could the use of
solar renewable electricity in the lamps. Based on the outcomes achieved by these authors, this action may reduce the environmental
impact by more than 90 % during operation. Considering that this result could also be obtained if solar energy were used a feasible
scenario for the photocatalytic system study in this research, the minimum climate change impact that could be hypothetically reached
is 0.12 kg COseq./m>. (“PL/4-EE2 Energy” with solar energy).

Among processes with similar electricity demands, the differences in the operation of photocatalytic alternatives of the literature
are influenced by the use of chemicals and the efficiency of the catalyst. The impact of the chemicals has been verified through the
comparison of the scenario PL, P/2 L and L, reporting similar conclusions as those from previously indicated in the literature.

Although catalysts have a greater indirect environmental impact from their manufacturing than other reagents, they reduce
treatment time and thus decrease the operation times of the most energy-consuming components. However, the environmental
benefits of the catalyst are not realized if it is not recovered and reused for more than one treatment cycle. If this does not occur, the
consumption of the catalyst becomes the primary environmental influence. In this regard, Magdy et al. (2021) found that for TiOo, the
contribution of the catalyst could be more than 80 %. Therefore, minimizing the environmental impacts of the catalyst depends on
selecting the optimal concentration, ensuring its reusability for multiple cycles, improving its production process, and enhancing its
efficiency (the latter two aspects are also related to the materials used in its composition) (Costamagna et al., 2020). In this regard, the
optimization of the concentration of the magnetic catalysts and reuse among cycles (with the exception of losses) for this study has
resulted in a remarkable impact only for the category of water use while its effect was completely negligible for the remaining
categories.

4.3. The photocatalytic treatment compared with other alternatives

The studies analyzing the environmental profile of photocatalysis using LCA have two distinct goals. On one hand, they aim to
explore the effects of using hydrogen peroxide as a reagent and the impact of two light sources (electrical and solar). On the other hand,
these technologies are compared to three other advanced oxidation processes: photo-Fenton, electro-Fenton, and adsorption. However,
only in one study a combination of the photocatalysis with one of the previous mentioned (photo-Fenton) technologies was addressed
(Munoz et al., 2005). For both approaches, Table 7 compiles the results of those publications, providing results for the categories with
common units among this research another (climate change, freshwater eutrophication and ozone depletion), expressed per cubic
meter of wastewater treated. Since the units for many categories do not align, the outcomes for the remaining categories were provided
in Table A2. In photocatalysis the CC ranges between 2.49-10~2 and 90 kg CO2eq./m°>. The bigger values were found for Murnoz et al.
(2005) since the goal of the photocatalytic technology was the treatment of a highly concentrated stream, kraft pulp mill wastewater.

Table 7
Environmental impacts of photocatalytic processes from Life Cycle Assessment literature and wastewater treatment for those impact categories with
common units (per m? of wastewater treated).

Technology/Impact category Climate change (kg CO2eq.) Freshwater eutrophication (kg P eq.) Ozone depletion (ug CFC.11 eq.)
With electricity Ws5,26 P90 .11 “4.08 M0,63 @14 ¥4.69.1072 ¥1.89.10°2 M35.05 22,000 “586
With solar energy 5,13 .48 Mo,61 @7.8.1072 34,28 @76
Photocatalysis ~ With ultraviolet energy 517 Mo.62 M34.3
With electricity and Hy0 @54 39,135 @g,5 ®5,72.1072 213,000
With solar energy and H,0, 1.2 ®2,49.1072 @0,37 ®1,02.10°2 g9
Photo-Fenton  With electricity @38 0,88 @ 40,15 @9000 *87.5
With solar energy 0,76 @0.3 @38
Photo-Fenton followed by photocatalysis @1.2-16 @3.7-37 ®90-3700
Electro-Fenton 426,78 ®7.33 ®1610
Adsorption #5512 #3527 #®e750

Note: The numerical superscripts indicate the bibliographic reference from where the data was taking from: (1) Pesqueira et al. (2024), (2) Munoz
et al. (2005), (3) Pesqueira et al. (2021), (4) Magdy et al. (2021).
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This interval of smaller for photocatalysis with electricity and use of hydrogen peroxide (0.135-54 kg CO5eq./m®). The results reported
within this investigation were around 0.26-4.94 kg COeq./m>, which means that the technology is in line with literature and could be
competitive with the current solar energy photocatalysis, photo Fenton, electro-Fenton and adsorption. Below there is an explanation
of the goals previously mentioned of the bibliographic studies found:

4.3.1. Effects of the use of hydrogen peroxide

There is no current consensus on the use of this reagent in photocatalytic processes. Munoz et al. (2005) showed that for a
concentrated stream, such as kraft mill bleaching wastewater, photocatalytic processes that do not consume chemicals are reported to
be more environmentally friendly due to the absence of indirect impacts from chemical manufacturing. On the other hand, effluents
from secondary treatment improved their environmental profile with the use of HyO, (Pesqueira et al., 2021). Although this research
also has a treatment for a diluted stream, the outcomes achieved indicate that the use of hydrogen peroxide is not relevant in terms of
environmental profile. This is indicative that three tendencies can be identified when it comes to the friendliness of the use of hydrogen
peroxide.

4.3.2. Selection of light sources

Regardless of the irradiation source, the use of non-renewable energy results in a greater environmental impact (Dubsok et al.,
2022). The type of irradiation also influences the environmental performance of the system. UV-A irradiation has been reported to
have a significantly larger environmental impact than UV-C irradiation. This difference is expected, as UV-C treatment operates at a
much faster treatment rate (Foteinis et al., 2018). The presented photocatalytic process is operating with UV-A irradiation which
implies that there is still room for improvement on the environmental profile of the technology.

4.3.3. Comparison with other technologies

For the treatment of a-methyl-phenylglycine the use of solar photo-Fenton was better than that of coupling heterogeneous pho-
tocatalysis because of the lower use of electricity (Munoz et al., 2006). In the treatment of kraft mill bleaching wastewaters, het-
erogeneous photocatalysis was the best option followed by photo-Fenton, photocatalysis with the use of hydrogen peroxide and a
combination of the two technologies (Munoz et al., 2005). For Olive mill wastewater, the best option was electrochemical oxidation
followed by wet air oxidation and heterogeneous photocatalysis linked again by the use of electricity (Chatzisymeon et al., 2013). If the
pollutant is phenolic wastewater, electro-Fenton was the least environmentally friendly technology, and the best one was solar
photo-Fenton. From better to worse, other technologies analyzed for this pollutant were also solar photocatalysis, adsorption and a
combination of photocatalysis with activated carbon. Compared to the previously presented concentrated streams, removal of
micropollutants (carbamazepine, diclofenac and sulfamethoxazole; 5 pg/L) from a secondary-treated wastewater resulted in the
subsequent raking of technologies: circumneutral photo-Fenton, photocatalysis with TiOy and hydrogen peroxide, photocatalysis with
TiO,, solar photolysis with hydrogen peroxide and solar photocatalysis (Pesqueira et al., 2021). Considering the current state-of-the art
photo-Fenton seems to be in a good position towards lowering environmental emissions while the application of photocatalysis is still
controversial. Therefore, improvements in the process should be made to reduce the current value shown in Table 7. On the other hand,
some aspects are missing from environmental research of photocatalytic technologies: the influence of the wastewater concentration
on the profile and recalcitrant characteristics of the compounds.

5. Conclusions

A photocatalytic reactor was successfully scaled-up and implemented for the treatment of effluent from a membrane reactor at an
average-size Spanish hospital. The environmental profile of the technology was assessed, considering an effluent mixture composed of
nine micropollutants, including anti-inflammatories, hormones, and antibiotics. The photocatalytic process was primarily charac-
terized by its energy demand, with more than 95 % of the energy consumption attributed to the electricity used by the lamps. Notably,
variations in the energy consumption of the lamps may result variations in the climate change between 0.26 and 1.81 kg COzeq./rn3
and 1.4-4.2 CTUe/m® for freshwater ecotoxicity. The energy consumption of the lamps emerged as a key factor determining the
success of the photocatalytic process in yielding better outcomes than the direct discharge of polluted wastewater, which has an impact
of 3.6 CTUe/m?® . This is particularly crucial considering the legislative requirements, which require a removal efficiency of over 80 %
for micropollutants. The challenges in achieving such removal efficiencies could lead to increased indirect impacts, potentially
resulting in higher ecotoxicities than the direct discharge scenario. To align with both legislative goals and minimize environmental
impact, this study underscores the importance of selecting a reference micropollutant. This choice has a significant influence on
operational times and, consequently, the energy demand of the process. Based on this analysis, the optimal scenario should prioritize
the removal of the hormone EE2 by 80 % while ensuring the process consumes less than 0.8 kWh,/m?.
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