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Photocatalytic materials and light-driven
it this:Coat 56 Teennot, 20, CONTINUOUS processes to remove emerging
1, 43 pharmaceutical pollutants from water and
selectively close the carbon cycle
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Pharmaceutical pollutants are increasingly being present in water effluents. Over the past decades, the
emergence of advanced oxidation processes has provided a tool to catalytically remove organic pollutants
and harmful pathogens. However, researchers have focused too often on increasing the degradation rate of
the contaminants, without ensuring as well the formation of more biodegradable products. As a result, by-
products that are more toxic than the initial substrate have frequently been formed, limiting the industrial and
societal exploitation of this technology. In an attempt to urgently fill this gap, this minireview analyses in a
holistic manner past and present technologies for water purification, outlining possible examples of
ultraselective photocatalytic materials and reactor concepts to obtain biodegradable products. Based on the
analysis conducted, guidelines for the rational design of catalytic materials and for the selection of emerging
reactor concepts are put forward. We also highlight current technological barriers and future research needs
that should be explored in greater depth in the quest for integrated and intensified continuous-flow
operations.
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Emerging pharmaceutical
contaminants and the water

challenge

Among the greatest challenges mankind is facing, water
scarcity and pathogen spread occupy a prominent role. It is
well recognised that population growth, urbanization,
industrial growth, and climate change are consuming Earth's
resources at an unsustainable rate. And in the World Water
Development Report 2019, the United Nations have
highlighted that the availability of clean water is becoming a
matter of major concern in the world due to pollution.
Untreated sewage, agricultural runoff, inadequately treated
wastewater from municipal and industrial (chemical) plants,
and consumption of medical (and illegal) drugs continue to
deplete the quality of water, contaminating supply systems
with micropollutants. These include pharmaceuticals and
waterborne pathogens that were once thought to be under
control but, due to changes in human demographics and
increasing antimicrobial resistance, are reappearing and
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causing amplified incidence of infections.”” Among those,
protozoa such as E. coli and viruses such as Norovirus,
Rotavirus, and Reovirus are particularly critical because they
are difficult to detect in water sewage and resistant to all
current disinfection/elimination technologies.*

Urban areas, with their capillary healthcare and industrial
infrastructures, represent an incontestable release source of
complex mixtures of active pharmaceutical ingredients and
biological pollutants.” These substances and metabolites
pass from humans, through toilets, into public wastewater
plants, which are designed to reduce loads of carbon,
nitrogen, and phosphorus of traditional non-polar chemical
compounds, but are ineffective with polar and poorly-
degradable species.®

Hospitals and pharmaceutical industries, in particular, are
responsible for the release of thousands of potential
contaminants. A recent study across Europe and the US has
shown that pharmaceutical contamination in water is
typically low (<100 ng L™ per chemical) in most municipal
areas,” but has a significantly higher extent (ca. 500000 ng
L™") in effluents close to manufacturing facilities.® It is
important to recognize that in the US (and in many other
high-income countries in Europe and Asia), strict good
manufacturing practices are enforced; other parts of the
world with less developed industrial and healthcare systems
might be exposed to even higher levels of contamination.
Hence, the problem of pharmaceutical contamination in
water represents a huge public health concern. Table 1
includes a list of important pollutants based on field studies
independently conducted by the US Environmental
Protection Agency and the European Environment Agency.’

The problem is exacerbated by the fact that water is
essential for life and water shortage is the fourth highest risk
factor for burden of disease in Africa and the Middle East. By
2050, projections highlight that water scarcity will affect
high-income countries such as the US, Portugal, Italy, Israel,
Spain, Greece, Japan, and Australia (Fig. 1)." In this context,
wastewater is gaining momentum as an alternative source of
water, and scientists are starting to shift the paradigm of
wastewater management from ‘treatment and disposal’ to
‘recovery, reuse, and recycle’. Reclaimed water can help
mitigate the damaging effects of local water scarcity and
provide a source of water in seasons of shortage. Therefore, it
is not surprising that the United Nations have declared the
importance of meeting the wastewater challenge among the
UN Sustainable Development Goals for our millennium,’
calling for wurgent, novel routes to remove emerging
pollutants and recover chemicals from it.

Successes and pitfalls of wastewater
treatment around the world

To effectively grasp the technological challenges encountered
in removing emerging pollutants, it is key to first evaluate

state-of-the-art processes and their limitations. The
traditional municipal wastewater technology combines two
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basic stages.’® In the primary step, solids are settled and
removed by filtration. The secondary step uses bacteria to
decompose organic matter under aerobic or anaerobic
conditions. The type of biological treatment depends on
several factors, including compliance with environmental
regulations. A tertiary treatment might be possible,
depending on the final utilization of the reclaimed water.
Tertiary treatment is being increasingly applied in
industrialized countries and the most common technologies
are microfiltration or membrane separation. New
environmental challenges, however, have placed fresh
burdens on these types of wastewater systems. Today's
pollutants are more difficult to remove (as they are poorly-
degradable).*

Advanced wastewater treatment plants have been
developed and the gold standard of such technologies
combines physical and chemical unit operations. This system
was implemented for the first time in California, replicated
in Singapore and Australia, and consists of a 3-step
purification process involving microfiltration, reverse
osmosis (RO), and disinfection (Fig. 2)."° Microfiltration is
used to remove particulates and macromolecules from raw
water by using membranes with pores of around 1-100 pm
in diameter; RO significantly reduces the total dissolved
solids, heavy metals, organic pollutants, viruses, and
bacteria; disinfection provides a pathogen-free water
environment.

Despite the successful implementation of such systems at
a large scale, there are several unsolved challenges. A small
subset of contaminants which are present in wastewater
effluents passes through the RO membrane and resists
disinfection. Besides, RO is an energy-intensive unit
operation, removes important minerals from water (e.g., F, K,
Na, Ca), and is prone to membrane fouling, which can reduce
the membrane flux and lead to frequent membrane
replacements.’” Moreover, under typical conditions, only 70~
80% of the water being pumped in a typical RO system will
be purified, thus leaving up to ca. 20-30% of the effluent
from the RO step retained as concentrate and discharged
through ocean outfalls or onto the ground."' This wastes
precious water resources and creates major damage to
ecosystems. Finally, such RO plants require expensive and
large-scale infrastructure, high capital costs, and engineering
expertise, all of which preclude their use in much of the
world, particularly in developing countries and sparsely
populated areas.*?

The disinfection step has also major technical challenges,
producing carcinogenic and genotoxic by-products, and being
ineffective against new forms of protozoa, bacteria, and
viruses, independent of the type of disinfectant agent used
(Table 2).* No solution to these problems exists. Therefore,
the development of efficient, reliable, affordable, and
sustainable water treatment plants for distributed
applications is a need. It has been hypothesized that the
next-generation water remediation plant would skip RO, be
performed off-grid, have zero liquid discharge, be green and

This journal is © The Royal Society of Chemistry 2021
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Table 1 Major emerging contaminants found in ‘clean’ effluents coming out from wastewater treatment plants. The table points to the fact that current
wastewater technologies are no longer suitable to remove emerging contaminants

Major contaminants (individual average Overall average

Group Class Function concentration)® concentration®
Drugs and Analgesics Help relieve Tramadol (218.4), diclofenac (43.3), codeine (20.9), 297.8
pharmaceuticals pain naproxen (8.2), ibuprofen (7.0), paracetamol
(<0.1), ketoprofen (<0.1)
Antiarrhythmics ~ Suppress Bisoprolol (15.7), flecainide (10.8) 26.5
abnormal
rhythms of the
heart
Antibiotics or Help the body Sulfamethoxazole (231.6), trimethoprim (178.3), 605.5
antibacterials fight infection ciprofloxacin (82.1), fluconazole (67.5),
clindamycin (45.9), tetracycline (0.1)
Anticonvulsants  Treat epileptic Carbamazepine (751.9) 751.9
or antiepileptics and
non-epileptic
seizures
Antidepressants  Treat depressive Venlafaxin (97.0), citalopram (21.1), fluoxetine 125.7
disorders (7.6)
Antihistamine Treat allergies Fexofenadine (58.8), diphenhydramine (4.9) 63.7
Antihypertensives Treat Telmisartan (120.1), irbesartan (85.4), bisoprolol 241.3
hypertension (15.7), eprosartan (13.7), diltiazem (6.4)
Antipsychotics Treat Risperidone (17.0), memantin (3.7) 20.7
schizophrenia,
or CNS disorders
Fibrates Reduce body's Gemfibrozil (4.9) 4.9
cholesterol
Sedatives Promote Oxazepam (64.3), haloperidol (0.3) 64.6
calming effects,
e.g. sleep
Pathogens Bacteria Produce E. coli (20), Salmonella (18), Somatic coliphage (14), 59
bacterial Enterococci (7)
infections
Viruses Produce viral Norovirus (314), Rotavirus (246), Reovirus (5), 565
infections Enterovirus (<1)

“ Expressed in nanograms per litre (ng L") for drugs and pharmaceuticals, in colony forming units per millilitre (CFU mL™) for bacteria, and
in plaque-forming units per millilitre (PFU mL™") for viruses. In some cases, reactivation and regrowth of indigenous bacteria and viruses in

reclaimed water after disinfection have been observed. Concentration data from the literature.

yield fresh and pathogen-free water, without continuous
displacement due to pathogen regrowth and fouling."
Ideally, it will also recover waste chemicals in a circular
manner, to finally close the carbon cycle.

State-of-the-art of integrated
photocatalytic solutions for
wastewater treatment

Catalytic advanced oxidation processes (AOPs) are promising
alternatives to the 3-step purification technique described
above.'® The process uses hydroxyl radicals ('OH) to oxidize
organic pollutants and harmful pathogens into possibly less

toxic and more biodegradable products'®?° (Fig. 3), following
the steps below:

photocatalyst + iv — ecg + hyg'  (excitation)
H,O + hyg' — 'OH + H'

(oxidation of H,0)

This journal is © The Royal Society of Chemistry 2021

113-117

Oj(aas) T €cs — O, (reduction of adsorbed O,)

H"+0,” — 'OOH (reaction with H")

pollutant + ‘OH + ‘'OOH — CO, + H,O (oxidation of pollutants)

However, since adsorption is one of the key steps for a good
(photo)catalytic performance, pollutants can also be degraded
at the catalyst surface by direct oxidation with hyg" or with

-.20
eCB .

photocatalyst + hyg" — intermediates — CO, + H,0

photocatalyst + ecg~ — intermediates — CO, + H,O
Based on these elementary steps, we would expect the

formation of the most thermodynamically stable H,O and
CO, products, which could be used as platform molecules for

Catal. Sci. Technol., 2021, 11, 43-61 | 45
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Fig. 1 Countries at risk of water shortage. To prevent that, it is
important to shift the paradigm of wastewater management from
‘treatment and disposal’ to ‘recovery, reuse, and recycle’, finding new
and effective routes to augment water supply systems which are
contaminated with pharmaceuticals and waterborne pathogens.
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Fig. 2 Today's continuous-flow wastewater purification plant which
includes energy-intensive microfiltration, reverse osmosis, and disinfection
steps. Such plants are implemented worldwide, and replace less-effective
traditional wastewater technologies consisting of two basic steps: filtration
and biological treatment.

the downstream synthesis of value-added compounds. In
reality, the selective formation of H,O and CO, has been
rarely monitored (vide infra), and by-products that are even
more toxic than the initial substrate are formed, due to the
incomplete degratation of the pollutants.*®** As a result,
toxicity monitoring of the treated water samples has
remained an important quality measurement towards water
treatment.>?

Several AOPs have been proposed over the years (i.e., redox
agent-based processes based on the traditional or
heterogeneous Fenton process, light-driven processes based
on semiconductor nanoparticles, and electrochemical-driven
processes).”® In this context, light-driven flow technologies
based on the assisted use of photocatalysts are considered
sustainable options for wastewater remediation.>* ¢

Nanocrystalline TiO, (and in particular TiO, Degussa P25)
has been the most popular and widely used photomaterial,
due to its low cost, characteristic semiconductor bandgap,
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and ability to form hydroxyl radicals in the presence of water,
oxidising pollutants under ambient conditions.?” "> However,
TiO, cannot absorb a large fraction (almost 95%) of the solar
light, and thus photocatalysts based on TiO, doped with
metals (e.g., Fe**, Co’", and Ag" among others) and non-
metals (e.g., C, N, B, F, P, and S) have been developed.***’
The dopant serves as an effective electron sink and facilitates
charge transfer across the resulting TiO, Schottky barrier,
giving an optimal bandgap and helping to absorb a higher
fraction of visible light. And this potentially results in higher
selectivities to H,O and CO,. Nevertheless, all doped
photocatalysts to date have shown a lower activity compared
to the unmodified TiO, -catalyst, since the band-edge
positions in the semiconductor material are not compatible
with the electrochemical potential that is necessary to trigger
specific redox reactions.?® In addition, it has been
demonstrated that metal species can easily leach from oxides
such as TiO,, which is a serious concern when the dopant is
a carcinogenic and genotoxic metal.?® It is thus unsurprising
that the practicality of the TiO, doping strategy has been
heavily reconsidered in recent years.

As a result, the design of new photocatalysts has not
progressed beyond TiO, Degussa P25 and, despite the large
number of publications dedicated to catalysts with better
efficacy, the industrial exploitation of this technology is very
limited (Fig. 4).>*

More recently, researchers have started to explore
alternative photocatalysts for the removal of pharmaceuticals
and pathogens and the selective recover of chemicals in the
form of CO,, evaluating the use of ZnO, CeO,, ZrO,, SnO,,
WO, Fe,03, BiVO,, SrTiO3, Ag;PO,, CdS, and g-C;N, (see also
Table 3).*° Among those, WO, is particularly interesting
because it is an n-type semiconductor with a conduction
band edge slightly more positive than the H,/H,O reduction
potential and a valence band edge much more positive than
the H,0/O, oxidation potential. WO; is thus able to
efficiently photooxidize a wide range of organic compounds,
such as textile dyes and pharmaceutical pollutants, within
the blue region of the visible spectrum. Based on this
consideration, Zhao and Miyauchi developed a scalable route
to high-purity tungstic acid hydrate nanotubes and
nanoporous-walled WO; nanotubes.’ They also found that
WO; nanotubes loaded with Pt nanoparticles show higher
visible-light-driven photocatalytic activity than commercial
WO;. The group of Ye has reported instead Ag;PO, as an
active photocatalyst for the photodecomposition of organic
compounds.®® They have achieved a 90% quantum efficiency
under visible-light irradiation.** The authors also examined
the effects of the photocatalyst shapes and facets, preparing
single-crystals of Ag;PO, with rhombic dodecahedral shapes
displaying (110) facets, and single-crystals of Ag;PO, cubes
with (100) facets. The photocatalytic degradation of methyl
orange and rhodamine B dyes indicated that the rhombic
particles manifested higher photocatalytic activity than the
cubic ones under visible-light radiation. Another oxide with a
narrow bandgap (2.4 eV), possessing superior visible-light

This journal is © The Royal Society of Chemistry 2021
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Table 2 Major continuous disinfection technologies applied today and their limitations*

Disinfecting agent Advantages

Limitations

Chlorine"? - Well-established disinfection technology
Monochloroamines"? - No by-products

- No taste and odour issues
Ozone" - Highly-effective disinfectant against

micropollutants, including protozoa

Chlorine dioxide'® - Well-established disinfection technology

Hydrogen peroxide - None

and/or peroxone'®

UV light"” - Highly-effective against micropollutants,

including protozoa (such as C. parvum)

photocatalytic properties is BiVO,. Besides being an n-type
semiconductor, this compound is stable, non-toxic, cheap,
and can be obtained by numerous methods, such as solid-
state reaction, metal-organic decomposition, hydrothermal
treatment, and coprecipitation. Zhang, for example, reported
BivVO, nanosheets with a monoclinic structure and preferred
(010) surface orientation.*® There are also promising catalysts
based on carbon.**** For example, Li et al. prepared activated
carbons modified by using concentrated H,S0,.*® This
treatment greatly increased the mesoporous volume and the
acidic surface oxygen of the material, resulting in greater
adsorption of methylene blue and dibenzothiophene than the
unmodified carbon. Similarly, graphitic carbon nitride (g-
C3N,) has attracted attention as a low-cost and visible-light
responsive photocatalyst.’” This material is not only the most

- co, (HOH
UV light

CB 1
excitation 3.24 eV

& VB !
@ 9

TiO, photocatalyst

Fig. 3 Mechanism of contaminant removal in a typical continuous-
flow advanced oxidation process. The light irradiates the catalyst
generating a vacancy at the valence band and forming hydroxyl
species. These oxidize pathogens and pharmaceutical contaminants,
generating CO; (that can be recovered) and H,O. Nanocrystalline TiO,
has been the most popular and widely used material investigated in
the scientific literature, but the industrial exploitation of this
technology has been limited. More recently, researchers have started
to evaluate alternative photocatalysts (non-TiO,-based) for water
purification in flow.

This journal is © The Royal Society of Chemistry 2021

- Ineffective against protozoa (such as C. parvum) and viruses

- Formation of by-products (i.e., trihalomethane and haloacetic
acid) that have detrimental effects on human health

- Taste and odour issues

- Ineffective against a variety of helminthes, protozoa, fungi,
bacteria, viruses, and prions

- Ineffective against viruses

- Formation of by-products (i.e., bromates) that have detrimental
effects on human health

- Complex, cost- and energy-intensive

- Ineffective against protozoa (such as C. parvum) and viruses

- Formation of by-products (i.e., chlorites and chlorates) that have
detrimental effects on human health

- Ineffective

- No potential for process intensification (i.e., difficulty of
preparing highly-concentrated solutions, instability during
storage)

- Ineffective against viruses

stable allotrope of carbon nitride under ambient conditions,
but also has tuneable porosity and rich surface properties
(presence of basic surface sites) that are intriguing for
catalysis.®® It has been shown that bandgap engineering of g-
C3N, to control its light absorption ability (which takes place
in the visible range) and redox potential can play an
important role in enhancing its photocatalytic performance.*®

Theoretical calculations based on density functional
theory, molecular dynamics, and kinetic Monte Carlo are
complementing the search for non-TiO, catalysts. In
particular, calculations have shown that some of these
materials (such as Ag;PO, and ZnO) are not considered ideal
due to concerns with the leaching and photocorrosion of the
nanomaterials (in the form of metal or ions) into
ecosystems.’® However, more work is required to tune the
material nanostructure.

As shown in Tables 4 and 5, only a few (i.e., five) studies
published in the last decade have analyzed the selectivity to
the desired CO, product. Often, researchers have focused
instead on the pollutant degradation rate, without
attentioning the catalytic and selective formation of less toxic
and more biodegradable products. As a result, by-products
that are more toxic than the initial substrate have frequently
been formed,*'*° and independently of the materials used,
their structures have remained unknown. Such knowledge
gap is a major deficit for a society that intends to become
‘circular’: when selectively obtained, CO, can become a
platform molecule to make plastics, fertilizers, and more.
One question at least arises: what can we learn from these
five studies? It is in general difficult to compare these works
due to differences among preparation methods and test
conditions. Nevertheless, some guidelines can be placed and
these can guide the rational design of ultraselective catalytic
materials and processes for photo-oxidation. For these
reasons, the following sections will analyse in a critical
manner those strategies.

Catal Sci. Technol, 2021, 11, 43-61 | 47
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activity with pathogens

aggregation of TiO,
nanoparticles

high electron-hole
recombination rate
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organic pollutants
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Fig. 4 Limitations in the use of TiO, Degussa P25 for the removal of emerging pharmaceutical pollutants in flow mode. Titania cannot absorb a
large fraction of the solar spectrum, resulting in a low photocatalytic activity. This is exemplified on the right, where TiO, particles with well-
defined surface properties show a low efficiency (10-20% conversion) in the removal of tetracycline and paracetamol, independent of the chosen

irradiation time.

Table 3 Crystallographic and electronic properties of TiO, and non-TiO,-based materials. Most of these catalysts have suboptimal properties, thus

requiring structural and compositional tuning via materials engineering

Photocatalyst Crystal system Egap” (€V) Jabs” (nm) Ecg (V vs. NHE?) Eyg? (V vs. NHE) Ref.
TiO, rutile Tetragonal ca. 3.0 388 +0.04 +3.04 39
TiO, anatase Tetragonal ca. 3.2 388 -0.16 +3.04 39
ZnO Hexagonal ca. 3.2 388 +0.21 +3.41 40, 41
CeO, Cubic ca. 3.2 388 —-0.07 +3.13 42
ZrO, Monoclinic ca. 5.0 248 -0.69 +4.31 41, 43
SnoO, Tetragonal ca. 3.5 354 +0.25 +3.75 41, 44
WO; Monoclinic ca. 2.7 443 +0.77 +3.47 41, 45
Fe,0O5 Trigonal ca. 2.2 564 +0.79 +2.99 41, 46
BiVO, Monoclinic ca. 2.4 517 +0.49 +2.89 47,48
SITiO; Cubic ca. 3.4 365 -0.75 +2.65 41, 49
Ag;PO, Cubic ca. 2.4 517 +0.50 +2.90 50
Cds Hexagonal ca. 2.4 517 -0.40 +2.00 41, 51
g-C3Ny 2D ca. 2.7 459 -0.90 +1.80 52

“ Energy of the band gap. ” Wavelength of the incident light absorption edge. ¢ Energy level of the conduction band minimum. ¢ Eyg is the
energy level of the valence band maximum. ¢ NHE is the normal hydrogen electrode potential.

Catalyst design strategies

From a catalyst design viewpoint, the materials mentioned in
the previous section can be classified into ‘metal oxides’,
‘metal sulphides’, ‘metal phosphates’, and ‘metal-free
materials’. Table 3 summarizes their physical-chemical
properties, and Fig. 5a shows their most common crystal
structure.

Different methods exist to prepare these materials. These
can be ‘gas-phase methods’ and ‘liquid-phase methods’. Gas-
phase methods, such as physical vapor deposition (PVD),
chemical vapor deposition (CVD), atomic layer deposition
(ALD), and sputtering, offer a number of synthetic
advantages, including atomic-level mixing of the different
phases, precise control of the stoichiometry, tuneable grain
size and morphology, and physicochemical homogeneity.”*
These routes require, on the other hand, expensive catalyst
preparation infrastructures and machineries.> Liquid-phase
methods, such as precipitation, impregnation, sol-gel, ion
exchange, deposition-precipitation, microwave synthesis, or

48 | Catal. Sci. Technol, 2021, 11, 43-61

hydrothermal treatment, offer instead simple and
inexpensive synthetic processes and flexibility over the
control of particle size, exposed facets, and single-crystal
grains.”

There are, however, a number of emerging techniques
which are taking hold in labs around the world: these include
mechanochemistry,>® electrospinning,® and electrochemical
methods.®® Ball milling is the most common
mechanochemical method because it is simple and suitable
for large throughputs, although potential abrasion of the mill
may result in the introduction of impurities,>” which is very
critical for photocatalytic applications. Electrospinning and
electrochemical methods are also commonly applied for the
production of ultrafine nanoparticles with hierarchical
porosity and well-defined morphology.

The synthetic method is typically chosen based on the
properties which are required in the material. A key aspect in
the selection of the design strategy remains the ability to
manipulate the catalyst properties with the route selected.
This aspect is critical, since the pristine materials in Table 3

This journal is © The Royal Society of Chemistry 2021
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Table 4 (continued)

50

Selectivity
Removal (%) CO, (%) Ref.
148
149
132

84
100
88

Influence pH Contaminant concentration

T
=
— —
= X
=] N
o
Ela =«
w
=]
2
~]lo oo
o |z =z =z .
o]
9]
8
—
19
a,
()
—
+
S
=
—
S
L
3
=
<
o]
[
8
I3
on
g}
wn
= 9]
B2 Z
2 =
n wn
g|maa B
SIEZT Z
3lEEE =
gocc 3]
5lQow =B
=2 Qwn =
g\/mw"&
S|IFEE g
MD%D o0
w
5
IS
b
1S
<9
2
8 5]
S =
L |o o
@ &
Z|8 3
g1E ol
3|e L
*S\NNNE
S2leee B
RIEEE o
=]
(%)
=
&
-
S | £
2|8 ..
£ |9 o)
£ |2 C)
8 |E o
= | & Q
ISH k) ia)
o |0 El
S
=
I
=
=
1S
2
—
I
8 )
< &
a8 Z
|2 O
O I~ ©

| Catal Sci. Technol,, 2021, 11, 43-61

View Article Online

Catalysis Science & Technology

exhibit suboptimal photocatalytic properties. In fact, the
energy levels of the conduction band minimum (Ecg) and
valence band maximum (Eyg) point to the reducing ability of
their photogenerated electrons (large negative Ecp) and the
oxidizing ability of their photogenerated holes (large positive
Eyg). In order to produce stable radicals, it is expected that
Ecg would be more negative than 0,/O,", while Eyg would be
more positive than H,O/'OH. In an attempt to enhance these
characteristics, which would lead to the desired CO, and H,O
products, the pristine catalysts are thus modified via
morphology tuning, elemental doping, and composite
formation (Fig. 5b). A combination of experimental and
theoretical tools can be applied to corroborate the properties
obtained at different length scales and rationally optimise
the materials further (Fig. 5c¢).

Morphology and vacancy engineering

This approach can effectively increase the selectivity to the
desired CO, and H,O products. It is well known that, given
a certain crystal, the facet at the surface is key since it is
there that catalysis takes place. This facet offers exposed
atoms with a defined coordination number, providing a
knob for tuning the catalytic activity. The tuning of the type
of exposed facet 1is practically done by preparing
nanomaterials with different morphologies (e.g., nanocubes,
nanooctahedra, nanorods), using liquid-phase methods
such as sol-gel, hydrothermal treatment, and colloidal
synthesis.”®*®® There are many examples in the literature
depicting the wuse of nanoparticles with variable
morphologies to enhance the catalytic turnover.®*°°
Uniform Au nanoparticles with different shapes (cubes,
rods and spheres) were prepared, for example, to evaluate
the influence of the catalyst morphology on the degradation
of dyes.®” In particular, gold nanospheres and nanorods
were purchased from Sigma-Aldrich; nanocubes were
instead synthesized by adding freshly prepared NaBH, into
a colloidal gold solution, made by mixing HAuCl,” and
cetyltrimethylammonium chloride. The mixture was kept
under stirring for a few hours in order to have particle
growth. Finally, ascorbic acid was added to the yellow-
coloured mixture under gentle stirring, leading to a
colourless liquid containing concave Au nanocubes.
Evaluated in catalysis, the degradation efficiencies and CO,
selectivity were in the order nanocubes > nanorods >
nanospheres.®” This result was in line with previous work
showing similar structure-performance relationships of
ceria in oxidation reactions.”® In fact, the (100) surface,
predominantly exposed in nanocubes, is optimal for
oxidation. This result can be attributed to the different
oxygen vacancy chemistry on these facets,®®®® which is
more prone on the (100) surface and less probable on the
(111) facet. At these vacant sites, the catalyst can bind
reactants and intermediates. Defects located at the surface
(such as anion and cation oxygen vacancies) can also
influence the band structure of the photocatalyst to achieve
optimal light harvesting and energy transfer.®>*>
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Fig. 5 Crystallographic structures of commonly used photocatalytic materials for continuous-flow wastewater remediation (a), design and
synthesis strategies (b), and set of important characterization and computational methods to assess structural, physical, and chemical properties at
different length scales and rationally design the next generation catalytic processes (c).

Elemental doping

Doping is another effective strategy to develop excellent
photocatalytic materials for wastewater remediation and
enhance, at the same time, the material band structure and
the product selectivity. Doped photocatalysts are typically
prepared via sol-gel, CVD, or ALD.”® The most used dopants
in water catalysis are transition metal ions, such as Fe’,
Co*", Ag*, Cu®', Mo®, Cr**, and V**.”*"7* The introduction of
these ions leads in most cases to a band state near the CB or
VB edge of a semiconductor, effectively shifting the
adsorption wavelength from UV to visible light. The
approach, however, suffers from several drawbacks, such as

52 | Catal Sci. Technol., 2021, 1, 43-61

thermal instability and significant increase in the carrier
recombination in which the metal acts as an electron trap
and ultimately reduces the photocatalytic performance. For
this reason, doping with non-metallic anions (e.g., C, N, B, F,
P, and S) has been considered as a better alternative to
regulate the intrinsic electronic structure of the pristine
materials.”>’® In particular, catalytic tests have shown that N
is the most effective dopant for reaching visible-light
photocatalysis. Salah et al., for example, obtained a series of
ZnO nanoparticles doped with substitutional and interstitial
N species.”® In this work, the pure ZnO film was evaporated
at high temperature and then deposited on a glass surface
with simultaneous addition of N, gas. The level of N-doping
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was tuned by adjusting the flow rates of N, during the
deposition process. The materials possessed an improved
response to visible light and significantly enhanced the
degradation of antibiotics under the drive of natural sunlight,
reaching an excellent 86% selectivity to CO, and H,O
(Fig. 6).”° Similarly, for the removal of ibuprofen, B-doped
TiO, showed an excellent photocatalytic performance
compared to pristine TiO, (removal rates of 85% and 25%
for B-doped TiO, and pure TiO,, respectively), due to the
enhanced crystallinity and electronic properties of
TiO,.””’® Interestingly, the authors explored an alternative
preparation route where B-doped TiO, synthesis was
carried out following a modified solvothermal procedure.
Here, tetrabutyl titanate, boron, and boric acid were mixed
in ethanol; the solution was hence added to an acidic

View Article Online
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PEG-600 mixture. The sol was first stirred and then aged
for several days, thus undergoing high-temperature
hydrothermal treatment in a Teflon-lined stainless-steel
autoclave.

Composite formation

Heterostructures, which are often prepared via sol-gel,
electrospinning, microwave synthesis, or hydrothermal
routes, offer opportunities to improve the activity and
product selectivity by tuning band structures and promoting
carrier transfer. Wang et al., for example, fabricated SnFe,0,/
ZnFe,0, nanoheterojunctions following a  one-pot
hydrothermal strategy.”” The structures exhibited under
visible light conditions excellent photocatalytic degradation
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Fig. 6 Selection from the literature showing the influence of catalyst doping and heterojunction formation in water purification. The figure
features the role of N doping on ZnO catalysts in the removal of 2,4-dichlorophenoxyacetic acid (a); the synthesis of B-doped graphite oxide (GO)
particles and their use for the removal of diclofenac (b), the role of B doping on TiO, for the removal, among other pollutants, of ibuprofen (c),
and the role of magnetic SnFe,O4/ZnFe,O4 nanoheterojunctions in eliminating tetracycline. Adapted from ref. 76-79. Copyright Royal Society of

Chemistry (a and b) and Elsevier (c and d).

This journal is © The Royal Society of Chemistry 2021

Catal Sci. Technol, 2021, 11, 43-61 | 53


https://doi.org/10.1039/d0cy01713b

Published on 24 September 2020. Downloaded on 11/3/2021 9:41:20 PM.

Mini review

slurry reactor

phobcatalyst

phobcatalyst
support

membrane reactor

photocatalytic
membrane

reactor tank

membranes

View Article Online

Catalysis Science & Technology

monolith reactor

photogatjst

mo nolith

inlstoutiet pipes

Fig. 7 Selection of different reactor configurations for the removal of pharmaceutical pollutants from water. More complex reactor geometries

are possible but are not displayed here for the sake of conciseness.

of tetracycline, demonstrating 93% removal and a selectivity
to CO, and H,O of 78% (Fig. 6). Toxicology studies confirmed
as well the nontoxicity of SnFe,0,/ZnFe,0,4, proving that the
environmentally friendly heterojunction could be a promising
photocatalyst ~ for = wastewater  treatment.  Similarly,
heterojunctions made of Ag/C-dots and g-C;N, and prepared
by thermopolymerization showed 88% removal of naproxen
and 83% H,O selectivity under visible light conditions and in
only 24 min of reaction time.*°

Lessons learned and future steps

This section has revealed that advances in the engineering of
functional nanomaterials can offer new opportunities in
designing a family of continuous water treatment processes
to remove emerging contaminants, while ensuring formation
of biodegradable products, such as the thermodynamically
stable CO, and H,0. Nevertheless, while most of these
materials have shown promises at a lab scale, their future
industrial implementation faces today a variety of challenges
and technical hurdles. One important aspect that requires

54 | Catal Sci. Technol., 2021, 11, 43-61

consideration is whether the photocatalyst is effectively
activated by light, and the type of light (i.e., UV, visible light,
etc.) which is required. The retention and reuse of
nanocatalysts is another key aspect of sustainability in an
age of resource scarcity, with consequences on process cost
and public health. Catalysts, even in heterogenized forms,
show in fact biotoxicity and slow environmental
degradation.®" The large-scale adoption of these technologies
strongly depends on the potential risks involved. Today, little
is known about the photocorrosion of the catalysts in the
reactors. It is often assumed that catalyst leaching can be
minimized by immobilizing the nanomaterials on a solid
support. Unfortunately, leaching phenomena are largely
dependent on the technique used to immobilize the
nanomaterials.®” Generally, nanomaterials coated on solid
surfaces are likely to be released in a relatively fast and
complete manner, while nanomaterials embedded in a solid
matrix will have minimum release until they are disposed
of.%> A better understanding of these potential hazards could
lead to finally fill some of the knowledge gaps on materials
development.

This journal is © The Royal Society of Chemistry 2021


https://doi.org/10.1039/d0cy01713b

Published on 24 September 2020. Downloaded on 11/3/2021 9:41:20 PM.

Catalysis Science & Technology

Reactor design strategies

The reactor configurations used to remove water pollutants
are mainly categorized into four types: slurry reactors, plate
and annular reactors, honeycomb monoliths, and membrane
catalytic reactors (Fig. 7). To remove the pollutants and
enhance the selectivity to biodegradable products, there is no
optimal geometry; all systems have in fact advantages and
disadvantages. Therefore, for the design and construction of
a reactor, the type of catalyst, the irradiation source (natural
or artificial), the light source position (immersed or external),
and the desired kinetics are all parameters to be assessed to
make a reactor selection.®” Technical implementation
challenges (for example related to the geographical location
where the reactor is going to be installed) and economic
considerations are also important factors. Therefore, the
reactor chosen depends not only on the reaction under
investigation but also on considerations made by the
engineers investigating water remediation.

In a slurry reactor,®**®> the photocatalyst is mixed with the
contaminated water to form a heterogeneous suspension kept
under magnetic stirring. The lamp is placed internally or
externally and irradiates the catalytic particles. Assuming that
the light is at the right wavelength where pharmaceuticals
absorb light, these will absorb photons from the artificial
light source and then react at the solid-liquid interface. The
reaction tank is typically made of pyrex or quartz and a water
jacket may surround the tank to keep the temperature of the
reaction process uniform. These reactors ensure low pressure
drop, high convective mass transfer rate, and higher photon
utilization, leading to moderate to high selectivity to CO, and

(@)

‘L optimal
= cataly_st
ﬁ optimal operation
a membrane

operation

temperature

Fig. 8 Technical and scientific issues with membrane reactors. The
figure in particular highlights the gap in operating windows between
the catalyst and the membrane (a) and the extent and causes of
membrane fouling (b).
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H,O0. Yet, separation and removal of the photocatalytic phase
is onerous and involves downstream separation methods
(i.e., filtration) which could be hazardous when handling
pyrophoric catalysts. In such reactors, the kinetics of
photodegradation  follows  typically the  Langmuir-
Hinshelwood mechanism.®® The reactor design can alleviate
some of the problems of slurry reactors and increase their
efficiency. For example, rotating photocatalytic contactors
have been shown to effectively degrade water recalcitrant
pollutants and the rate of degradation increased with the
rotation speed.®”*®

Plate and annular continuous reactors are alternative
configurations for selective water treatment.®” In these
continuous reactors, the photocatalyst is coated onto a
support (that can be planar or cylindrical) and the lamp
irradiates perpendicularly the catalyst, on top of the plate or
at the centre of the cylinder.”®> These reactors ensure
simple geometries and low pressure drops, but often provide
less selectivity towards CO, and H,O and more toxic by-
product formation. This is due to the low convective mass
transfer rate associated with the limited area available for the
reaction, which remains one of the major disadvantages in
this type of reactor.””> Complex geometries featuring multi-
plate and multi-annular reactors have been also developed to
ensure greater convective mass utilization, although they
might provide higher pressure drops.”***

In monolith reactors, the photocatalyst is placed (for
example by dip-coating) on the monolith and the light is
close to that.®>?® This geometry ensures high mechanical
strength, high reaction area, and good transport phenomena,
leading to higher product selectivities. Yet, there might be
issues with the low photon utilization rate when the
monolith is thick. The lamp may be substituted with optical
fibres to ensure higher photon utilization, but paying the
price of poor heat dissipation.

Finally, due to their separation efficiencies, relatively low
costs, small footprint, and easy operation, catalytic membrane
reactors can act as a physical filter for suspended species and,
at the same time, bind pathogens and organic impurities and
photocatalytically oxidize them to inert CO, and H,0.””*° The
membranes often feature photocatalytic composites supported
on polymeric and metallic nanoporous materials that form
the skeleton of the membrane. The reaction takes place at the
surface of the membrane, where the catalyst is present, or
within its pores. Light irradiation can be in the form of lamps
or optical fibres placed closely to the catalytically active sites.
In terms of reactor design, the catalyst loading, its mechanical
resistance and morphology, and the material permeability are
all important factors to be considered and optimized to obtain
excellent photocatalytic performances. Overall, membranes
can ensure a high level of automation and a modular
configuration, enabling flexible design and less land and
energy usage.”” However, various technical issues might be
encountered, such as membrane structure deterioration, low
photocatalytic activity, loss of the deposited catalytic layer over
time, and membrane fouling (vide infra).
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Lessons learned and future steps

The design of a better, low-cost, and highly-efficient
photoreactor capable of absorbing the radiation and
promoting reactions with minimal photonic loss is a strategic
requirement. Despite extensive research efforts, batch-type
slurry photocatalytic reactors remain the preferred
configurations at scale,'®® owing to their high total surface
area of photocatalyst per unit volume and ease of
photocatalyst reactivation. These reactors, however, only
provide moderate product selectivities.”®

In the quest for continuous and more selective operations,
it has been proposed that the most important factors for an
optimal reactor configuration remain the total irradiated
surface area of catalyst per unit volume and the light
distribution within the reactor.'" To achieve light uniformity,
a correct position of the light source is essential to ensure
maximal and symmetrical light transmission and
distribution. Plate and annular continuous reactors have been
explored in the past, but they tend to increase the production
of unwanted by-products, due to their low convective mass
transfer rate given by the limited area available for the
reaction.”> Monolithic reactors and, in particular, catalytic
membrane reactors have gained momentum in recent years
as they offer the possibility of solving the downstream
separation issue of photocatalyst particles, while reaching
excellent CO, selectivities."”*'% Yet, a major challenge with
the use of membranes is the inherent trade-off between the
membrane and catalyst properties (Fig. 8).'”> Combining
membranes and catalysts in a closed architecture requires
operating both under the same conditions. However, these
operating windows do not always overlap and novel materials
are required to reduce the operating and investment cost for
the process.'®® Going from a lab-scale to a pilot scale sets
increasingly higher demands on the lifetime of both catalysts
and membranes. Also in this case, for most types of
membranes, achieving a commercial life-time target (>10 000
hours) is still far from reality, in particular in ‘real’ industrial
mixtures.” Membrane fouling is a major issue for operation
and adds to the energy consumption and the complexity of
the process operation, reducing the lifetime of membranes
and catalytic modules.”>'* As a result, further pilot plant
investigations with different reactor configurations are
needed to ensure that the photocatalytic water technology is
well established and presents vast technoeconomic data for
any life cycle analysis study.

A quest for standardised operational
parameters and process design
conditions

Literature studies have shown that the contaminant
concentration, water pH, presence of ions in water, and co-
irradiation with ultrasound can have a major effect in

improving the performance of the materials and reactors
selected.
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Contaminant concentration

The concentration of contaminants is a critical element that
affects the efficiency and kinetics of contaminant removal. It
also affects the design of an optimal photocatalyst. Generally,
at low concentrations of contaminants, there are sufficient
amounts of "OH radicals and holes for the reaction.'®* As the
concentration of contaminants increases, more reactant
molecules are adsorbed on the catalyst surface, reducing the
generation of ‘OH due to the presence of fewer active sites.'**
At very high contaminant concentrations, the photons are
absorbed by the contaminants even before they can reach the
catalyst surface.'® This decreases the overall photocatalytic
efficiency and may also cause the deactivation of the catalyst
due to fouling, which is more prominent for catalysts with
larger crystals.’®® These studies highlight the importance of
conducting catalytic tests under water-relevant experimental
conditions, and at a concentration of contaminants which is
similar to that found in wastewater. As shown in Tables 4
and 5, very few studies have taken so far this critical
parameter under consideration. A guideline for future
investigation is to conduct all catalytic tests at the pollutant
concentrations indicated in Table 1.

Water pH

The pH of the aqueous phase is an important factor in
photochemical reactions since it controls the size of the
generated aggregates and the surface charge properties of the
photocatalyst.'°® This is particularly relevant for metal oxides
that have an amphoteric behaviour, such as ZnO and SnO,.
These catalysts can be positively or negatively charged,
depending on the pH of the solution. For example, the point
of zero charge of ZnO is 9.3.'°” Thus, above this pH, the
surface of ZnO is negatively charged and features adsorbed
OH" ions. These may increase the production of ‘'OH radicals,
leading to holes (h*) and hydroxyl radicals that act as
oxidation agents. On the other hand, at lower pH values,
photogenerated holes are the sole oxidizing species.

The electric charge properties of the contaminants are
also important. The contaminant, in fact, is in a molecular
form when the pH is less than its pK,, while at pH > pK,, the
compound loses a proton and becomes negatively charged.'’®
Obviously, when the charges of the catalyst and
contaminants are the same, the removal efficiency decreases
due to the repulsion forces between the catalyst surface and
the substrate.

Presence of ions

The effect of the water matrix is very important, since
carbonates, nitrates, chlorine, sulphates, and phosphate ions
are commonly found in water and are present in the effluent of
several treatment plants. These act as a filter,'” absorbing light
energy and reacting with ‘OH radicals, ultimately decreasing the
rate of photocatalytic degradation. For carbonates, we have:

CO;* +'OH — OH + CO;3~

This journal is © The Royal Society of Chemistry 2021
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HCO;™ + "OH — H,0 + CO;™~

Another important aspect is the preferential adsorption of
the cationic or anionic molecules (carbonates, nitrates,
chlorine, sulphates, and phosphates) on the catalyst
surface,'®® leading to catalyst deactivation. A lot has been
done to study the catalytic removal of ions in natural water
(not the water prepared in the laboratory by adding a salt to
distilled water), using a continuous stirred tank reactor.
Corma et al., for example, studied the performance of Cu-Pd
or Sn-Pd supported on alumina catalysts in removing
nitrates.’” They analysed and optimized the Pd-metal ratio
and the reaction conditions, showing that the activity of the
catalysts in the water nitrate reduction depends on the type
of water used.®” In water with a high conductivity and
hardness, the best results are obtained when using a Pd:Sn
catalyst with a Pd:Sn ratio of 2. The results obtained also
showed that the catalyst deactivation in water with a high
conductivity and hardness was probably related to the fouling
and poisoning of the palladium centres due to precipitation
of calcium salts on the catalyst surface and the presence of
sulphur compounds in water.

Ultrasound irradiation

In recent years, ultrasound irradiation has emerged as an
enabling technology to be employed together with light
irradiation."’® In this case, the formation, growth, and
implosive collapse of bubbles increase the catalyst surface
activity and enhance transport phenomena,'* producing free
radicals as shown below:

H,O + ultrasound — 'OH + 'H

O, + ultrasound — 2°0

H,0 +'0 — 2'0H

As a result, the degradation of contaminants under
sonophotocatalysis proceeds faster and the two effects are
even synergistic.''> Nevertheless, the application of
ultrasound irradiation in photocatalytic water remediation,
especially for emerging contaminants, is scarce. Its
combination with photocatalysis has the potential to
undoubtedly open up new opportunities in water treatment,
at the expense of higher energy consumptions and possible
catalyst film fouling.

Lessons learned and future steps

Catalytic tests have been often performed under unrealistic
experimental conditions (ie., in terms of contaminant
concentration, reaction time, effect of water pH, and
influence of pre-existing ions. See Tables 4 and 5). Future
studies need to be completed under more realistic

This journal is © The Royal Society of Chemistry 2021
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experimental conditions, using the correct contaminant
concentration indicated in Table 1, and exploring
combination effects of multiple pollutants together. This will
probably remain the only mode to validate the applicability
of different nanotechnologies under comparable conditions.
To the best of our knowledge, to date very few studies have
explored catalytic effects on the removal of persistant viruses
and bacteria in water.'®*"'®> These pathogens are creating an
increasing number of health issues in many areas, and they
will need to be taken under consideration in future studies.
The long-term stability of most catalysts is largely unknown
because most studies have been conducted for a relatively
short period of time. Research addressing the long-term
performance of water and treatment
nanotechnologies is in great need. As a result, side-by-side
comparison of nanotechnology-enabled systems and existing
technologies is also fundamental.

wastewater

Conclusions

In the Water Development Report 2019, the United Nations
have highlighted that the availability of clean water is
becoming a matter of major concern in the world, calling for
the urgent implementation of new and less energy-intensive
routes to purify wastewater. The emergence of advanced
oxidation processes has provided a tool to remove organic
pollutants and harmful pathogens from water, although it
has been demonstrated that most of the catalysts and
reactors used to date are unselective. This review has
presented in a unified manner past and present technologies
for the removal of pharmaceutical pollutants and for the
catalytic recovery of CO, from it. It has shown that by tuning
the materials property and the reactor nanoarchitecture, it is
possible to increase the selectivity to the most
thermodynamically stable CO, products. It has also
highlighted current barriers and future research needs in the
quest for processes that can selectively close the carbon cycle.
Many of today's challenges include technical hurdles that can
be tackled considering emerging aspects of catalyst and
reactor design. Besides, to overcome barriers, collaborations
between fundamental and applied disciplines, and the
intersection of novel and diverse scientific areas will be
essential in the years (and decades) to come.
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