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Active pharmaceutical ingredients (APIs) are continuously released via hospital effluents and have been shown to
be toxic to aquatic organisms, even at very low concentrations. Future risks to human health might also emerge
due to accumulation of these compounds in food chains, through contamination of water supplies and propa-
gation of antimicrobial resistance (AMR). The ongoing global rise in drug prescribing rates is increasing API
concentrations in aquatic environments. Current wastewater treatment plants (WWTPs) are ineffective at
removing many of these compounds. Pilot-scale advanced oxidation processes (AOPs) at WWTPs, such as UV-
irradiation or ozone, are not considered sustainable at the industrial scale, due to their high operating cost
and the potential for formation of toxic by-products. By contrast, photocatalytic AOPs only require light-induced
activation of a reusable photocatalyst to eliminate the most persistent APIs. Despite their sustainable charac-
teristics, photocatalytic AOPs have rarely been assessed for suitability in flow environments, such as hospital
wastewater. This review highlights the advantages of photocatalytic AOP based wastewater treatment compared
to existing AOPs. It also explores the immobilisation of effective photocatalytic metallic nanomaterials onto
carbon-based porous support structures as a future-proof treatment concept for the elimination of APIs from
hospital wastewater.

control hormone ethinylestradiol (EE2)) [6-8]. In addition, antibiotics
in wastewater are contributing to the ongoing and dramatic spread of

1. Introduction

Organic micropollutants of anthropogenic origin, such as pesticides
and pharmaceuticals, have been detected in surface water (rivers, lakes),
groundwater and drinking water worldwide [1-3]. APIs have attracted
attention as priority substances of emerging concern, given their po-
tential to cause detrimental toxic effects on biota, even at trace (ug LhH
or ultra-trace (ng L’l) concentrations in the aquatic environment [4-6].
Over the last 40 years, drug residues and their metabolites in wastewater
effluents have been shown to cause acute and chronic adverse effects in
aquatic organisms, such as behavioural changes in fish (exposed to an-
tidepressants) or feminisation of species (exposed to the synthetic birth

antimicrobial resistance (AMR) in microbial populations [9-12]. The
harmful effects of APIs in the aquatic environment raise concerns
regarding human health given their presence in receiving water and
their inadequate removal by conventional wastewater treatment [6]. In
turn, this may result in low-level API occurrence in water supplies and/
or potential accumulation in food chains [13]. Although the ecotoxicity
of some APIs has been investigated in detail, most of the ~4000 APIs
licenced for disease treatment worldwide are still poorly classified in
terms of their ecotoxicity, or not monitored by national water quality
regulatory bodies [14-17].
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Wastewater originating specifically from hospitals contains a wide
variety of APIs and metabolites, associated with patient urine and faeces
[18,19] (Table 1 [3,20-25]). Hospitals have been identified as key
point-sources for environmental API pollution due to their substantial
water consumption (200-1200 L/bed/day), continuous API release in
hospital effluent and subsequent pollution of receiving waters [6,7].
These hospital-derived API mixtures, with potentially enhanced eco-
toxicity due to synergistic toxicity, are commonly mixed with and
diluted by domestic and industrial wastewater in communal sewers
prior to wastewater treatment [6,26,27]. Most industrialised countries
still use conventional activated sludge (CAS) systems to treat their
wastewater from hospitals, households and industry. However, CAS
systems were never designed to remove the multitude of often persistent
APIs now discharged into WWTPs. They are primarily designed to
remove readily degradable organic matter from wastewater, to meet
quality standards for surface water discharge (i.e., set by the EU Water
Framework Directive), and to prevent the spread of infectious micro-
organisms [17,21,28].

The combined environmental impact of hospital-derived APIs, the
global rise in drug prescribing rates, the increasing threat posed by AMR,
and the continuous release of toxic (chlorination) by-products from
conventional wastewater treatment signals that global action is urgently
needed to develop novel and more sustainable wastewater treatment
solutions [6,11,29,30]. This review explores the use of light-driven
(photocatalytic) API removal via advanced oxidation processes (AOPs)
and its potential within flow environments, such as hospital wastewater.
Existing biological, physico-chemical and pilot-scale AOPs for waste-
water treatment are discussed and compared to novel photocatalytic
approaches, to evaluate API elimination efficiency from hospital
wastewater and to provide an outlook on sustainability and
affordability.

This review is the first to provide a comprehensive perspective on
both conventional and novel photocatalytic nanomaterials and their
immobilisation within a diverse range of organic support structures.
There is a particular focus on novel graphene-based carbon nano-
structures that offer unique characteristics in this regard [31]. Research
considering flow-through concepts for continuous photocatalytic
wastewater treatment is still scarce in existing literature. Evaluating
these novel approaches is essential for future research aimed at devel-
oping large-scale photocatalytic solutions to enable at-source elimina-
tion of APIs from hospital effluents.

2. Biological wastewater treatment

CAS systems are the most common biological treatment techniques
used in communal WWTPs worldwide. Large-scale CAS systems,
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utilising aerated sludge basins to oxidise and eliminate dissolved organic
carbon (DOC) using suspended aerobic and anaerobic microbes, widely
produce water quality that meets national discharge quality standards.
However, quality standards are becoming stricter and starting to
consider a wider range of potentially harmful compounds. CAS systems
in isolation have limited elimination efficiency for many APIs, especially
those that are recalcitrant to oxidative biodegradation, such as diclofe-
nac or carbamazepine [32]. Subsequent tertiary chemical oxidation
processes, such as hydrogen peroxide enhanced UV-irradiation or
ozonation, are able to oxidise and eliminate APIs via reactive oxygen
species (ROS), such as hydroxyl radicals, but these processes are costly,
consume high amounts of energy and can produce toxic oxidation by-
products [33].

Promising alternatives to CAS treatment include membrane biolog-
ical reactors (MBRs), which have been piloted (as a potential replace-
ment for CAS) in several countries [34]. MBRs have improved removal
rates for DOC, nutrients and APIs with high biodegradability (e.g.,
paracetamol) due to extended sludge retention and microorganism
residence times and generation of smaller sludge flocs, which may alter
physical API removal through increased sorption onto sludge particles
[35-37]. In addition, MBRs utilise ultra- or nano filtration membranes
(pore size: 0.03-0.06 pm) following the activated sludge process, to
retain micropollutants [38]. MBRs have been found to provide higher
removal rates for antibiotics (compared to CAS) and membrane filters
can effectively retain antibiotic resistant bacteria, preventing their
dissemination into the environment. In turn, this diminishes the po-
tential for horizontal transfer of antibiotic resistant genes across diverse
microbial populations [38,39]. However, decentralised MBR treatment
of hospital wastewater specifically - with extended microorganism
retention times - may act to promote resistant gene evolution due to the
more concentrated loads of antibiotics in hospital wastewater [29].
Enhanced removal rates for APIs using MBR treatment have been shown
for a diverse range of drug compounds, particularly for those that are
highly biodegradable. Nevertheless, many APIs are still detectable in
MBR permeates after membrane filtration [6,33,40]. MBR treatment
features notable improvements over CAS, including a reduction in the
need to use disinfecting chemicals due to the physical removal of
pathogens, substantial removal of multiple APIs, and the production of a
clear effluent, which does not require additional clarification (such as
sludge-liquid separation) [34]. However, the cost of MBR set-up/
operation is much higher than CAS due to additional sludge pumping
needs, membrane air scouring and the requirement to regularly replace
clogged membranes [34,38,41]. Also, some persistent APIs remain
recalcitrant to biodegradation using MBR, and are thus poorly removed
[6].

Table 1

Characteristics of various common APIs detected in hospital effluents.
Drug class Compound HWW? concentration (ng L™1) HQ" PNEC® (ng L™ 1) Ka 10gKow
Estrogen 17p- estradiol <3-230 28,750 0.008 10.46 4.01
Estrogen 17a-ethynyl- estradiol <0.3-432 10,800 0.04 10.2 3.62
Antibiotic Trimethoprim <2-14,993 2586 5.8 7.12 0.91
Antibiotic Amoxicillin <32-900 1154 0.78 3.23 0.87
Antibiotic Clarithromycin 20-62,241 350 40 8.99 3.16
Antibiotic Ciprofloxacin <3-76,167 310 500 6.09 0.28
Cytostatic Tamoxifen 0.2-170 447 0.38 8.76 6.30
Cytostatic Methotrexate <2-4689 16 45,000 4.7 -1.85
Anaesthetic Propofol 1100-10,100 240 42 11.1 3.79
p-blocker Propranolol <0.5-41,000 130 50 9.67 0.25
Statin Simvastatin 2-190 10 0.2 14.9 4.68
Statin Atorvastatin 3-316 2 190 4.46 6.36
Antiepileptic Carbamazepine <16.7-6080 3 2000 13.9 2.45

# HWW: Hospital wastewater.
Y HQ: Hazard quotient.
¢ PNEC: Predicted no-effect concentration.
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3. Tertiary wastewater treatment

Multiple studies have investigated the application of MBRs in com-
bination with a diverse range of tertiary physico-chemical treatment
approaches designed to improve the elimination of API concentrations
from hospital wastewater [40,42,43]. Amongst these studies, several
hospitals have been equipped with on-site wastewater treatment (mostly
MBRs in combination with subsequent physico-chemical techniques),
with the aim of targeting persistent APIs recalcitrant to conventional
secondary treatment. Such pilots have successfully demonstrated that a
combination of treatment approaches enhances the elimination of a
diverse range of APIs when compared to a single solution approach [44].
However, each tertiary treatment process holds considerable disadvan-
tages, particularly with respect to enhanced operating costs, and sus-
tainability limitations due to regular requirements to replace or
regenerate system components, such as activated carbon. Overall, a
combination of MBR as a secondary treatment technique, followed by
advanced oxidation (such as HoO»-enhanced UV-irradiation or HyO5-
enhanced ozonation), and subsequent filtration by powdered activated
carbon were identified as the most effective solutions for sustainable
elimination of APIs from hospital wastewater [33,45,46].

Advanced oxidation processes have emerged as promising waste-
water treatment techniques for degrading organic pollutants (such as
APIs) via ROS synthesis. Hydroxyl radicals (OH) are the most reactive
oxidisers amongst radical species with a redox potential between 1.95
eV (pH 14) - 2.8 eV (pH 0) and a reaction rate constant between 10% and
10'° M~! s [47]. "OH can rapidly and non-selectively inactivate
harmful APIs by reacting with the aromatic ring structures of the drug
molecule [48]. However, due to the extremely short half-life of ‘OH,
most AOPs only work sustainably with continuous supplementation
with oxidising agents such as HyO or Os. Alternatively, irradiation with
light in combination with a reusable conductive nanomaterial can
generate ROS (such as in heterogenous photocatalysis) [47].

H,0; -enhanced UV-irradiation is the most popular AOP in large-scale
tertiary wastewater treatment, due to its advantages over stand-alone
UV-light induced photolysis to enhance elimination of organic mate-
rial. This is achieved through light-induced formation of ‘OH from H50»,
which non-selectively oxidises organic compounds, such as APIs
[44,49,50]. A pilot-study within the EU ‘Pharmaceutical Input and
Elimination from Local Sources’ (PILLS) project, revealed that HyO9
treatment, in combination with UV-light exposure of MBR pre-treated
wastewater, substantially increased API elimination rates. However,
high electrical energy costs and HyO, dosage requirements were
incurred. The study further showed that under pure UV-irradiation
without Hy02, ~86 % of investigated pharmaceuticals, including
persistent compounds like diclofenac and carbamazepine, could be
eliminated by photolysis. Again, the energy requirements for this pro-
cess were substantial (10 kWh m'®). Under H,0, treatment, ~94 % of
the most non-persistent compounds could be oxidised, requiring only
half as much energy. Successful elimination of persistent compounds (i.
e., 67 % removal of carbamazepine vs only 10 % removal after MBR
treatment), could be achieved under moderate UV-light exposure (2
kWh m’3), but required more UV-light exposure time and higher HyO,
consumption.

Overall, Hy02 enhanced UV-light applications inevitably require
considerable amounts of electrical energy [49]. Also, key wastewater
matrix characteristics (e.g., turbidity/suspended solids), may negatively
influence light penetration and impact photolytic API degradation. In
addition, alkaline wastewater may contain bicarbonate ions which can
scavenge ‘OH and further impact overall API oxidation efficiency
[51,52].

H>0, enhanced ozonation is a highly effective technique to eliminate a
diverse range of organic compounds. Ozone generates ‘OH during its
decay, and in the presence of HyO,, the decomposition of ozone is cat-
alysed, accelerating the generation of ‘OH. Consequently, HyOs-
enhanced ozonation oxidises most organic micropollutants, even
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recalcitrant APIs, efficiently. Another effective but extremely energy-
demanding process, is the combination of UV-irradiation and aqueous
ozone (known as photoinduced ozonation), which generates H,O,
initiating ozone decay and the production of "OH [51]. At a hospital
wastewater pilot-scale treatment plant in Switzerland where MBR was
used for secondary treatment, several post-treatment technologies were
tested, with ozonation successfully delivering removal rates of >97 %
for all tested APIs, including carbamazepine, diclofenac, ciprofloxacin,
clarithromycin, sulfamethoxazole and ranitidine. Overall, API removal
efficiency was ~90 % using ozonation, 86 % using powdered activated
carbon, while UV-irradiation only eliminated 33 % of APIs in this setting
[50].

Ozone is a potent oxidiser for a broad spectrum of APIs at very low
aqueous concentrations. It generally requires lower energy consumption
when compared to UV-irradiation, during continuous application.
However, ozone production is also a very wasteful process, as most of
the energy required is lost as unused heat: the production of 1 kg O3 from
O, requires 12 kWh of electrical energy [44]. Wastewater matrix effects,
such as suspended solids, only have a limited impact on ozone-promoted
API oxidation rates [53]. However, pH may significantly influence
ozone decay and compound elimination [54]. This pilot study [55]
showed that drastically decreased ozone decomposition rates were seen
at lower pH: at pH 7.75, the time taken to fully decompose 10 mg L™! of
ozone was <1 min, while at pH 5, it was ~10 min. This suggests that
ozonation in more acidic wastewater (below pH 7.75) may not eliminate
all pollutants effectively.

The main drawback of ozone-dependent processes in wastewater
treatment is high energy consumption (albeit lower than for UV-
irradiation) and a dependence on specific water characteristics, such
as pH. This parameter may vary significantly in wastewater and be
affected by diurnal/seasonal differences in water consumption and
effluent composition at hospitals. The removal of ozone to prevent at-
mospheric pollution also requires final effluent filtration with, for
example, activated carbon. This adds additional costs to the treatment
process. Ozonation will non-selectively oxidise organic matter and
eliminate many toxic API molecules. However, little research has been
undertaken to determine the toxicity of the resulting oxidised trans-
formation products, and most are ostensibly unknown [56]. A multitude
of toxic by-products can also be produced during ozone exposure, such
as carcinogenic substances like bromates or N-nitrosodimethylamines
(NDMAs) [50,57].

Fig. 1 summarises currently available conventional and advanced
wastewater treatment techniques, states their suitability for the elimi-
nation of APIs and their potential to introduce toxic transformation by-
products into the environment.

4. Photocatalytic wastewater treatment

Photocatalysis has recently emerged as a novel and sustainable
alternative for future wastewater treatment. Photocatalysis involves
light activation of a reusable, conductive (metallic) nanomaterial [58].
Compared to conventional AOPs, such as ozone or pure UV-light treat-
ment, photocatalysis is thought to be free of toxic by-products. In
addition, the use of sunlight as the UV source (solar disinfection; SODIS)
has been found to be a viable, eco-friendly means of disinfecting
drinking water. However, the present drawback of photocatalysis is the
extensive treatment time needed to achieve acceptable target compound
removal rates [59]. Therefore, both future photocatalytic materials and
plant designs need to be optimised, in order to increase photocatalytic
efficiencies [60]. Heterogenous photocatalytic treatment settings, which
use high energy UV-light, combined with reusable metallic nano-
materials, have been shown to degrade even persistent APIs [61]. The
use of co-catalysts such as noble metals or porous metal organic
frameworks (MOFs) in combination with UV-light effective photo-
catalysts may substantially reduce treatment times. Furthermore,
immobilisation of photocatalysts onto porous carbonaceous support
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Fig. 1. Overview of conventional and advanced wastewater treatment techniques.

structures with superior mechanical stability could become a valuable
approach in a flow-through treatment setting (i.e., for hospital
wastewater).

4.1. Homogenous photocatalysis

Photo-Fenton is a light-driven water treatment process, which is
effective at UV/Vis wavelengths up to 600 nm. Large-scale open systems
- effectively sunlight based systems - can make use of ~28-35 % of total
solar energy [62]. The photo-Fenton process is, however, dependent on
supplementation with Fenton’s reagent; a solution of HyO, and ferrous
iron (Fe2™) salts (such as FeSO4). The reaction of HyO5 and Fe®t gen-
erates "OH and ferric iron (Fe®") species. Conversely, aqueous Fe>* can
react photochemically to recycle Fe>* under illumination. Overall, the
photo-Fenton process generates ROS autocatalytically under UV/Vis
irradiation and absorbs light over a relatively wide wavelength spec-
trum. It has significant potential for API removal, as the ‘OH production
rate is high until the HyO is fully depleted. Furthermore, limited toxic
by-products are formed during photo-Fenton compared to other AOPs,
ferric iron salts are environmentally benign if released in moderate
amounts, and excess HyO» is consumed during the Fenton reaction [51].

However, at large-scale, continuous supplementation with Fenton’s
reagent is expensive [38] and excess release of Fe>" into the environ-
ment may be harmful [63]. Furthermore, an excess of HyO, or Fe®" can
cause ‘OH trapping. Therefore, optimal dosing of Fenton’s reagent is
essential to allow eco-friendly wastewater treatment that yields a high
pollutant elimination rate. Other factors that limit full-scale application
include the need for frequent pH adjustment. Photo-Fenton chemistry is
most efficient under acidic conditions (pH <3), to prevent precipitation
of stable ferric salts. In addition, since photocatalytic recycling of Fe?* is
slow, Fe** may form stable complexes with other organic compounds
(such as carboxylic acids) which would block the photocatalytic cycle, i.
e., the regeneration of ferrous iron [51].

4.2. Heterogenous photocatalysis

Novel AOPs for tertiary wastewater treatment, exclusively driven by
light irradiation, show promise to disinfect wastewater and eliminate

organic micropollutants, such as APIs, without adding harsh chemical
oxidisers or producing toxic by-products. Such systems could be ‘nature-
based’, and use renewable energy (e.g., sunlight) in a wastewater
treatment setting [64,65]. Light-activated AOPs can generate ‘OH under
aqueous conditions in the presence of UV or visible light, oxygen and a
reusable photocatalyst such as a metal oxide semiconductor (MOS). This
process of light-activated "OH production is known as heterogenous
photocatalysis [66].

In solid materials, a specific band gap between the electronic valence
and conduction bands of single atoms defines the material’s capability to
allow a flow of electrons from the valence to the conduction bands, ul-
timately specifying its conductivity. Under an external energy source (e.
g., light irradiation), electrons of semiconductor materials, which have a
relatively narrow band gap, can be excited from valence to conduction
bands, leaving behind unfilled positively charged holes (hy;) while
filling conduction bands with an electronic negative charge (ec,). MOS
surfaces, often in the form of large-area nanomaterial coatings,
immersed in an electrolyte (e.g., water), can generate charged holes
(hip) and electrons (eg,) at the electrolyte interface between the charged
metallic surface and the aqueous phase. Both hyj, and eg, can then pro-
mote redox reactions on the metallic surface under oxygenated aqueous
conditions. These redox reactions ultimately generate mainly “OH but
also reaction intermediates such as superoxide (*O2), hydrogen super-
oxide (*"HO5) and H30», all of which can oxidise and destroy pollutants
such as APIs (which come into contact with the semiconductor surface)
[51,60].

hy
e el
ds to:
HZ0 band gap " .I}.-leg SHCE)
& 2, H202,
J vb (valence band) ‘OH
H20,,
*‘OH

Fig. 2. The photocatalytic mechanism.
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Fig. 2 describes the underlying redox reaction principle and photo-
catalytic mechanism on a semiconductor surface.

4.3. Redox reactions in photocatalytic water treatment

Hole and electron generating reaction on MOS surface
MOS + hy (energy of light — emitted photon) — MOS (hy ™ + € ™)
ROS generating redox reactions

0, +ew =0, +H,0— *OH+H"

02 + H* +€ep — .H02 +H+ +€p — H202 + H +ep — .OH+H20

0, +2H" +2¢,” - H;0, + H" + ¢~ — *OH + H,0
H,0 +hy," — H" + *OH

2H,0 + 2h,, " - H,0, +2H" — 2°OH + 2H*

Over the past two decades, a diverse range of MOS materials have
been studied for potential application in photocatalytic water treatment,
with much work devoted to enhancing their overall ‘OH yield and ulti-
mately increasing organic contaminant elimination rates (including for
APIs) [67]. However, upscaling photocatalytic approaches, using solar
radiation (e.g., SODIS), remains challenging and has so far failed to
efficiently eliminate organic pollutants. This has been demonstrated in
multiple field studies using sunlight exposed batch containers, wherein
the required incubation time to eliminate pathogen loads in 2 L PET
water bottles is ~5 h with a photocatalyst vs ~6-48 h under bright
sunlight [59,64,65].

5. New opportunities for novel photocatalytic materials

Most photocatalysts (such as TiO2 or ZnO) absorb photons in the UV-
A range (A = 315-400 nm). However, UV light produces only 4-6 % of
the whole solar spectrum, with UV-B and UV-C radiation (A <315 nm)
largely absorbed by the stratosphere before reaching the earth’s surface,
whilst visible-light (>400 nm) provides up to ~40 % of total solar ra-
diation [64,65,67]. Consequently, many studies on photocatalysis focus
on materials capable of absorbing light over a broad wavelength spec-
trum, particularly in the visible-light range, to increase solar-driven
photocatalytic efficiency during water treatment [67-69].

However, TiOy and ZnO come with certain advantages when
compared to other semiconductors. They are inexpensive and yield high
photocatalytic efficiency under UV-light to generate ROS and destroy
pollutants such as APIs. TiO; is also ostensibly largely non-toxic and is
frequently applied in water treatment applications, due to its low-cost
and its chemical, thermal and photolytic stability. However, unmodi-
fied TiO; and ZnO have relatively wide band gaps (3.21 eV and 3.37 eV),
limiting their photocatalytic activity to the UV-A spectrum [70,71].
Photocatalysts with wider band gaps (>3.1 eV), are unable to absorb
light in the visible range. Hence, under solar radiation alone, many
photocatalysts insufficiently excite electrons onto their conduction
bands and most holes and electrons do not reach the electrolyte interface
of the semiconductor surface to generate ROS. Consequently, excited
electrons simply return to valence bands - a process defined as ‘recom-
bination’ [60,72].

In recent years, substantial effort has been dedicated to investigating
photocatalytic materials which exhibit narrower band gaps, such as
alpha-phase bismuth oxide a-Bi;O3 (2.91 eV), bismuth vanadate BiVO4
(2.40 eV) and graphitic carbon nitride g-C3N4 (2.70 eV), all of which
allow rapid electron transfer to the MOS surface to facilitate ROS for-
mation during visible-light exposure [67,73]. Furthermore, novel
research is now focussing on ‘surface-tuning’ of photocatalytic mate-
rials. Noble metals, such as gold (Au), platinum (Pt) or silver (Ag),
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Table 2
API removal efficiencies of photocatalyst containing MOFs.

Composite Advantages CAPI API Performance Ref.
L™ (mg
Lh
MIL-100 High surface area, 100 TET 85.8%inlh [77]
(Fe)/TiO2 improved electron-hole
(0.05) separation and photo-
catalytic performance
MIL-125 Highly porous 46 TET 63.3%inlh  [78]
(Ti)/In,S3 mesoscale (2-50 nm)
(0.3) structure, excellent TET
adsorption, superior
visible light
performance
NH,-MOF Improved electron-hole 300 AMX 100 % in 1.5 [79]
(0.3) mobility and electric h
@Sm,03- permittivity of Sm,0s3,
ZnO enhanced O evolution
from water due to
amine-
functionalisation,
superior reusability and
visible light
performance
MIL-88A(Fe) Wide light absorption 20 SMX 99.6%inlh [80]
(0.5) range (200 -600 nm) of
@ZnInyS, MIL-88A(Fe), excellent
reusability, chemical
stability and visible
light performance
CA@Ti-MIL- Highly porous 30 ACE 96 %inlh [81]
NH, (0.5) mesoscale cellulose

acetate film with
excellent applicability
and reusability,
improved light
absorption due to amine
functionalisation and
performance in the
visible light spectrum

TET: tetracycline, AMX:
acetaminophen.

amoxicillin, SMX: sulfamethoxazole, ACE:

graphitic carbon structures, carbon metalloids (such as graphene) and
various MOFs have all been successfully tested to extend the lifetime of
photoexcited electrons and holes. Embedded into metal oxide nano-
structures, these highly conductive elements lower the required band
gap energy. Noble metals or carbonaceous dopants can further function
as electron-traps and scavenge excited electrons from the conduction
bands of the MOS surface, delaying recombination. Under visible light
irradiation, these dopants can act as photosensitisers and release pre-
viously trapped electrons, which then migrate onto the conduction
bands of the MOS, contributing to a controlled and constant charge
separation of holes and electrons and improved photocatalytic perfor-
mance [61,74-76]. Doping of MOS materials with metallic or carbon
elements, allows light absorption of photocatalysts across a broad UV-
VIS spectrum - ultimately altering ROS yields. This promising effect is
yet to be fully tested using conventional wider band gap materials such
as TiO5 or ZnO.

Table 2 illustrates photocatalytic performances and material char-
acteristics of various MOF containing nanocomposites.

6. Immobilisation of photocatalysts

Photocatalyst leaching away from point of use may impact micro-
pollutant degradation rates over time and/or introduce potentially toxic
nanomaterials into the environment. Therefore, immobilisation of
photocatalysts onto solid support materials, such as metals, plastics,
edged glass surfaces, or embedding into porous carbon or membrane
polymer structures, is preferable and may facilitate recovery and reuse



M.-T. Valdivia et al.

of photocatalytic materials. This is particularly desirable in flow-
through applications, such as hospital wastewater treatment, where
reusability of photocatalysts is considered essential for sustainable plant
operation and leaching of nanomaterials into the environment is not
desirable. The future effective elimination of APIs in immobilised pho-
tocatalytic systems will also largely depend on testing system parame-
ters in a flow environment, to account for seasonal and diurnal changes
in drug mixture concentrations released from hospitals, as well as
wastewater temperature and pH, the dosage/coating density of the
photocatalyst, the sorption equilibrium between the drug and the
catalyst and the effect of contact time and its optimisation for prolonged
photocatalytic reaction time between the photocatalyst and the drug
compound [82,83].

Separation of photocatalysts from the liquid phase via affixation onto
large-area surface supports, such as cartridge filters, is a relatively novel
area of research and batch slurry reactors are still commonly preferred
given their simple application. However, immobilised set-ups have been
shown to enhance light delivery to the photocatalyst surface and are less
impacted by inner filter effects, a common issue in slurry reactors caused
by nanoscale catalyst suspensions inducing light scattering [60]. Edged
glass beads are now a widely used support material in simple laboratory
settings, particularly in SODIS applications, where low-temperature and
cost-saving immobilisation, such as hydrothermal or sol-gel approaches,
are favoured, and more complex electro- or vacuum deposition tech-
niques are not feasible. However, in large-scale flow-through applica-
tions, free-floating support materials are simply impractical and may
cause undesired hydrodynamic effects. Furthermore, in flow-through
settings, such as hospital wastewater treatment, supports would be
permanently exposed to fluid shearing stresses and common sol-gel dip-
coating and subsequent low-temperature hydrothermal treatment at
~150-200 °C, may not sufficiently immobilise photocatalysts onto these
solid supports.

A combination of drying and high-temperature calcination of pho-
tocatalyst films onto porous surfaces, has been shown to strongly
incorporate photocatalytic nanomaterials onto surface structures.

Drug elimination reactions on MOS surface
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Calcination (above 400 °C) in a furnace enhances the mechanical and
structural strength of photocatalytic films by sintering, densification and
grain-growth. In an antipyrine degradation experiment, TiO, film syn-
thesis from a precursor sol with subsequent calcination at 500 °C for 1 h
in a furnace, produced crystalline TiO,-anatase sites with superior
photocatalytic characteristics [84]. In another study, consecutive multi-
step heating (polycondensation) in a furnace produced a carbon-based
support material (biochar) with excellent adsorption characteristics (e.
g., porosity). Subsequent heating-steps in combination with g-C3N4 then
synthesized a photocatalytic highly active nanocomposite [85].

Another effective approach for the deposition of photocatalytic
nanomaterials on, for example, a membrane support, is vacuum depo-
sition (i.e., physical vapour deposition (PVD) or chemical vapour
deposition (CVD)). Vacuum deposition may become a preferable tech-
nique in future development of photocatalytic wastewater treatment
designs, as this technique allows a controlled synthesis of metallic
nanomaterial thin films with a defined homogenous thickness and even
nanomaterial distribution over large surface areas [86-89]. PVD is
already being deployed for mass production in areas such as electronics
and the production of photovoltaics. Planar surfaces, 3-D objects and
powders can all be coated.

7. Promising support materials for a flow-through water
treatment approach

Carbonaceous materials (such as activated biochar, graphene, car-
bon nanotubes (CNTs), carbon quantum dots (CQDs)) feature unique
surface characteristics which may be advantageous in a photocatalytic
flow-through scenario. Due to their blackbody character, carbonaceous
structures can absorb light across a broad UV-VIS spectrum [61].
Furthermore, they are mechanically sturdy, inert, temperature- and
photo-stable. This makes them resistant to abrasion, chemical and
photolytic degradation and facilitates high-temperature synthesis of
photocatalyst thin films onto their surface. The large specific surface
area and porosity of carbonaceous materials may also enhance long-

MOS + hy = MOS (hw" + ew’) = "OH (hydoxyl radical)

Rx (drug) + hy (photon) + ‘OH — H,0 + CO,

Rx + h,+"OH

H,0 + CO,

Immobilised MOS on
graphene support

2-dimensional graphene support

Photosensitizing effect of graphene
0,

‘OH

e
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| Tio, “ J
3.21eV \ /

. o Ho
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Fig. 3. Drug elimination mechanism of immobilised photocatalysts on graphene support.
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Table 3
Photocatalytic API-removal efficiencies of various carbonaceous nanocomposites.
Composite (g L™1) Advantages capr (mg API/Matrix Performance Ref.
LY
TiOy/BC (1.25) Low cost, reusability, excellent UV light performance, large surface area with 10 SMX in river 91.27 % in 53 [95]
oxygen containing functional groups water min
Zn-TiO,/BC (1.25) Low cost, reusability, excellent visible light performance, large surface area with 10 SMX in river 81.21 % in3h [96]
oxygen containing functional groups water
Ag/g-C3N4 (0.05) Excellent visible light performance, improved efficiency via Surface Plasmon 2.53 SMX in DI 99.5%in1h [97]
Resonance Effect of Ag-nano-particles water
Zn0/g-C3N4 (0.2) Low cost, reusability, excellent UV and visible light performance superior electron- 20 TET in DI 78.4 % in 50 [98]
hole separation water min
10 OTC in DI 63.5 % in 50
water min
g-C3N4/TiO2/ (1.0) Fe30,@SiO,  Improved catalyst recovery via magnetic Fe304@SiO,, excellent UV and visible 2 IBU in DI 97 % in 15 min [99]
light performance due to g-C3N4/TiO, hetero-junction water
Graphene/TiO, (0.1) nanotubes, Low cost, excellent UV light performance, large surface area with oxygen 5 ACE in DI 96 % in 3 h [100]
TiO, nanotubes containing functional groups, superior electron-hole separation water
1 MTP in milli- 87.09% in2h [101]
Q
1 MTP in tap 62.05% in2h
water

SMX: sulfamethoxazole, TET: tetracycline, OTC: oxytetracycline, IBU: ibuprofen, ACE: acetaminophen, MTP: metoprolol.

term adhesion of photocatalyst coatings and contribute to a sustainable
application of these materials in a flow-through setting.

Many carbonaceous materials also contain a high number of active
sites on their surface, comprising oxygen-containing functional groups
(e.g., hydroxyl, carboxyl, and carbonyl groups). These surface groups
interact strongly with water molecules and increase the hydrophilicity
of carbonaceous structures. Combined with the porous characteristics of
carbonaceous materials, hydrophilic surface groups enhance the supe-
rior water absorption capacities of these materials [90]. In a wastewater
treatment setting for the removal of APIs, the high hydrophilicity of a
porous support may increase the interaction between aqueous APIs and
the photocatalyst surface, which is vital for the efficient removal of
pollutants from the aqueous phase.

Graphitic carbon materials such as graphene have high electrical
conductivity and electron-storage capacity, which allows them to
scavenge electrons and regulate the separation of photoexcited holes
and electrons (Fig. 3), preventing recombination and contributing to the
excellent photocatalytic performance of metallic carbonaceous mate-
rials, e.g., carbon-metal oxide composites such as ZnO/g-C3Ny, TiOy/
graphene or TiO2/CNT [58,72,91]. One study on the photodegradation
of organic compounds (4-chlorophenol and methyl orange) with a ZnO/
g-C3N4 nanocomposite, demonstrated its excellent conductivity and
improved electron-hole separation, compared to the metallic and
carbonaceous precursor materials. Calcination for 1 h at 400 °C, formed
a smooth interfacial layer between the two crystalline phases. This
heterojunction interface synergistically linked the different band gap
energies of both materials. The material combined the excellent UV-light
performance of ZnO, with the capability of g-C3N4 to absorb photons in
the visible-light spectrum, which enabled the superior photoactivity of
the ZnO/g-C3N4 nanocomposite [92].

The use of biochar (BC) supported MOS materials may also be ad-
vantageous in future flow-through wastewater treatment scenarios, as
they combine a highly functionalised carbonaceous surface with envi-
ronmental sustainability. Biomass-derived photocatalytic supports are
attractive for large-scale wastewater treatment due to their affordability
and the circularity of the precursor materials, particularly when
compared to surface enhancement with precious noble-metal dopants,
as discussed previously. Multiple studies have shown that biochar pro-
duced from recycled waste (e.g., sawdust, coconut shell, potato stem and
rice straw), which is then doped with metal oxide nanomaterials during
biochar production (pyrolysis) provides superior API elimination vs non-
functionalised biochar [93,94].

Table 3 highlights the photocatalytic performance and material

characteristics of various carbon-based nanocomposites.
8. Conclusion and future perspectives

Heterogenous photocatalysis in an immobilised setting is an envi-
ronmentally sustainable and effective approach for at-source treatment
of pharmaceutical polluted hospital wastewater. Novel reactor designs,
with immobilised photocatalysts, need to ensure strong adherence of the
catalyst onto the solid support material to allow sustainable treatment
performance. This is particularly true in a flow-through setting, where
leaching of potentially harmful nanomaterials must be avoided at all
costs. Incorporating affordable, non-toxic, reusable metallic nano-
materials into porous carbon-based support structures, with excellent
light absorption and hydrophilic characteristics, alongside high phys-
ical, chemical and photolytic stability, could be a promising technique
for future photocatalytic wastewater treatment. However, alongside
ongoing efforts to improve photocatalytic efficiency of novel nano-
composites, treatment designs with excellent UV-A performance using
conventional photocatalysts (such as ZnO or TiO,) need to be optimised
in order to become more economically viable. The energy efficiency of
UV-driven approaches can also be improved by implementing low-
energy LED light arrays, rather than using high energy xenon light
bulbs. Energy saving plant designs with a reduced carbon footprint are
ultimately essential to make future photocatalytic wastewater treatment
more competitive vs established but energy demanding AOPs such as
H30, enhanced UV-treatment or ozone applications. Furthermore,
photocatalytic wastewater treatment shows potential as an environ-
mentally friendly treatment alternative that does not release any toxic
by-products compared to existing AOPs (e.g., ozone applications).
Overall, immobilised photocatalysis has great potential to become an
economical and reusable tertiary treatment technique for future appli-
cation at large-scale to continuously eliminate various persistent and
ecotoxic drugs from flow environments such as hospital wastewater
without the risk of introducing additional pollutants, such as potentially
toxic nanomaterials, into the environment.
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