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ARTICLE INFO ABSTRACT

Editor: Stefanos Giannakis Photocatalysis has proven to be highly effective for the removal of recalcitrant organic micropollutants at the lab

scale. However, drawbacks such as the need for downstream removal of nanoparticle slurries and low surface

Keywords: areas of immobilised catalyst have, so far, hindered large-scale application. Photocatalytic foams have the po-

Foams tential to address these issues and advance the field towards large scale deployment. This review offers the first

i:o:ocataiyst comprehensive overview of the state-of-the-art in this growing research field while simultaneously addressing
otocatalysis

two key issues which are slowing down further progress: The lack of classification nomenclature for foams,
particularly regarding pore size and production method, and the use of kinetics as the defining feature of a
photocatalyst, when alternate figures of merit, such electrical and quantum efficiencies, may be more appro-
priate. These were particular evident from a semi-quantitative comparison of the literature reported here, which
highlighted the need for standardisation of experimental methods within the field. Finally future perspectives

Water treatment

and best practices are discussed and recommended.

1. General overview

Photocatalysis has been extensively investigated for the degradation
and mineralisation of organic micropollutants in water [1,2]. The
effectiveness of photocatalysts results from a complex combination of
materials properties, e.g. charge carriers’ separation and the formation
of oxidative species [3], and process parameters, e.g. light irradiation
and mass transfer resistances [4]. Despite the promise, the industrial
deployment of photocatalytic systems has been, so far, limited [5].
Nanoparticle slurries, also known as first generation photocatalysts
(Fig. 1), show great photocatalytic efficiency given the high surface area
in direct contact with water and irradiation [6]. However, evidence that
nanoparticle release into water bodies increases the risk of exposure to
humans, animals and plants [7], and that nanoparticles can leach from
wastewater treatment plants [8,9], limits their use in wide spread
treatment applications at larger scales due to requiring costly removal
steps to prevent loss to the environment [10]. Immobilised, or
second-generation, catalysts were developed to address the removal
problem, but suffer from low efficiency due their lower photocatalytic
active surface area [11,12]. Macroporous materials, commonly referred
as foams, have been developed as an attempt to address the limitations
of the previous two generations of photocatalysts [5,13].
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Photocatalytic foams offer great potential in terms of efficiency, ac-
tivity and, crucially, in scalability. Materials with two distinct levels of
porosity, macroporous and microporous, can efficiently convert irradi-
ated light into oxidative species to promote the degradation of micro-
pollutants with significant advantage over flat substrates given higher
surface area. The porosity, pore size and shape will also impact the
transport of molecules inside the foams as the hierarchical pore structure
leads to a tortuous flow [14].

While these foams have been produced in a wide range of forms and
shapes, using a range of diverse approaches, they are not without
drawbacks, in some instances not providing meaningful advantages over
slurries and immobilised photocatalyst. Although superior photo-
catalytic performance is reported for foams relative to the equivalent
slurries [14,15], including the removal of organic pollutants and min-
eralisation [16,17], most reports refer to nanoparticles grafted onto
commercial foams. Despite reports of good adherence and stability of
the coatings, the potential leak of nanoparticles into the environment
remains an issue, limiting their practical use. The use of foams has also
generated novel fundamental questions, e.g. about the different rele-
vance of total and illuminated (or active) surface areas in microporous
objects as opposed to nanoparticle slurries, or the need to revisit IUPAC
nomenclature for porosity to include large porous objects [18].
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Photocatalytic foams are a growing area of fundamental and applied
research, and this review is the first to systematically analyse the field,
not just discussing the state-of-the-art, but also attempting to provide a
novel classification based on key characteristics of their structure, how
foams are synthesised and their photocatalytic application and
providing recommendations on how to further advance this area of
research. In this review, foams are divided into three main categories
according to the synthesis approach used, as summarized schematically
in Fig. 2. Supported foams refer to nanoparticles, mostly TiOy, ZnO and
CuO, immobilised onto a 3D macroporous structure. Substrate-removed
foams refer to those where the foam is used as a sacrificial template to
obtain carbon-based 3D structures. Substrate-free foams refer to those
produced via direct foaming of particle suspensions with subsequent
calcination or sintering.

2. Methods to produce inorganic foams: general aspects

The synthesis of a solid inorganic foam was first reported in 1965
[19]. Since then, macroporous inorganic foams of controlled porosity
have been produced using a wide range of methods, such as replica,
sacrificial template, or direct foaming (Fig. 3) with average pore sizes
ranging from 1 to 1000 um [20]. The first report on the use of foams for
photocatalytic applications dates to 2004 [21].

The replica technique is based on the impregnation of a suspension
or precursor solution onto a cellular structure to produce a macroporous
material presenting the same morphology as the original porous struc-
ture [20]. In contrast to the replica technique, the sacrificial template
method involves the preparation of a biphasic composite composed of a
homogeneously dispersed sacrificial phase in a continuous phase of
precursors or particles which forms a negative porous microstructure
after template removal [22]. The direct foaming technique is based on
the incorporation of air into a suspension or liquid phase with subse-
quent set and drying to maintain the air bubbles within the structure.
The material is usually sintered to improve strength of the final porous
material [23]. Porosity and pore size are determined by the template and
sintering conditions in the replica and sacrificial template methods. The
porous object is the negative replica of the original sacrificial template
while the replica techniques produces a positive porous structure [20].
The replica method and direct foaming either with surfactants or par-
ticles forms objects with higher average porosity (ranging from 40 % to
95 %), while the sacrificial template method results in objects with a
lower average porosity with reported porosities over a much wider
range (2-90 %) [20]. The overall porosity is relative to the amount of gas

Suspended
Nanoparticles

Immobilised
Nanoparticles
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incorporated into the suspension while the stability of the liquid tem-
plate before setting determines the pore size [20]. Other methods to
fabricate inorganic foams such as liquid templating [24-26], cast
moulding and freeze drying [15], microfluidic [24] and 3D printing [27]
were also reported either in combination or alone. With understanding
and control of the synthesis of foams, particularly replica/template
structure, volume and rate of gas incorporation and surfactant concen-
tration [28], properties as porosity, pore size morphology and distri-
bution can be fine-tuned [24,26].

Commercial foam supports can be divided into four main groups as
metallic (such as Ni, Cu and stainless steel), metal oxide (such as Al,03),
semiconductor (such as SiC) [29-33] and polymeric (such as
polyurethane-PU) [34,35]. Metallic and polymeric foam supports were
used as sacrificial templates to produce carbon-based foams mainly
composed of graphene [36] and reduced graphene oxide [37]. A few
reports include other supports such as glass [38] and porcelain clay
foams [39]. Immobilisation of nanoparticles onto foam supports has
been the most common strategy to produce photocatalytic foams.
Typical immobilisation techniques include dip coating [3,40] and
impregnation [41,42].

3. Key definitions

As often happens in a rapidly developing field, the existing literature
uses a very wide range of different, often contradicting, language to
describe how foams have been produced, what a foam is and how they
perform as photocatalyst. This hinders comparison of results and, ulti-
mately, further progress in the area. This review provides the first
attempt to provide a comprehensive framework to define, characterise
and assess the performance of photocatalytic foams.

3.1. Definition of foams and porosity

Within the literature, a wide variety of material structures have been
referred to as “foams”, from natural sponge-type structures to highly
porous powder samples [43,44]. For this review, to discuss different
types of foams and to systematise the available literature, a foam is
defined as “a macroscopic object that is highly porous, with porosity in
excess of 80 %, and free standing”. This excludes powders and molecular
frameworks. Therefore, the authors further suggest classifying foams
into three distinct categories according to their macroscopic structure
(Fig. 4).

Photocatalytic
Foams

N
>
4

v" High surface area
v" High light penetration

x Costly catalyst removal

x Low surface area
x Low light penetration

v’ Easy catalyst removal

v' High surface area
v' High light penetration

v" Easy catalyst removal

Fig. 1. First, second and third generations of photocatalysts.
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Fig. 2. Structure of photocatalytic foams for water/wastewater treatment.
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Fig. 3. Possible processing routes for macroporous foams (a) replica, (b) sacrificial template and (c) direct foaming
Adapted from Ref. [20].

(A) Foam substrates — systems where the porous structure is both toxicological and environmental concerns due to catalyst loss,
extrinsic to the photocatalyst, and present in the system. These requiring downstream removal to prevent this.
include reticulated foams of ceramic or metal materials, to which (B) Foams formed via substrate removal — Systems where the porous
catalyst is added, leading to supported catalyst on the foam ma- structure is extrinsic to the photocatalytic material, but the sup-
terial. These systems benefit from the mechanical stability of the port providing the structure is not present in the system. These
support material. However, a key drawback of these systems is include photocatalyst foams formed via a templating methodol-
the presence of adhered particulate at the support surface. The ogy onto a polymer foam, which is then pyrolised to leave only a
weak particle-support interaction may lead to catalyst leaching, porous inorganic photocatalyst, or systems grown on a metallic
impacting both the activity of the system and posing potential foam which is then etched. These systems often make use of

graphene, graphene oxide or reduced graphene oxide and benefit



Z. Warren et al.

Journal of Environmental Chemical Engineering 11 (2023) 109238

Foam substrate

Foam substrate

Particle immobilisation
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Substrate Removed Foam

Fig. 4. Schematic representation of photocatalytic foams: (a) foams with substrates produced via catalyst immobilisation (b) foams formed via substrate removal and

(c) substrate-free foams formed via direct foaming.

from the high electron mobility provided by these materials.
Similar to substrate-supported foam catalysts, the presence of
particles at the foam surface gives rise to the potential for
leaching.

(C) Substrate-free foams — systems with porosity intrinsic to the
photocatalyst, with no support present at any point in the system.
These include foams produced via liquid templating or sol gel
reactions. A key benefit of these systems is the lack of particle-
support interactions, lowering the risk of photocatalyst loss and
the need for downstream removal to prevent this. The drawback
of these systems is that, as the complete structure is made of the
photocatalyst materials and therefore these foams may lack the
relative mechanical stability that is present when using a sub-
strate foam as a support for photocatalyst, specifically for the
mechanical stability. Furthermore, particularly in the case of ZnO
foams, these systems are vulnerable to photocorrosion and
methods of mitigation need to be considered in the design of
reactors incorporating these foams [45].

3.2. Classification of pore size for foams — expanding upon IUPAC

Historically, the classification of pore size and pore size distribution
has followed definitions set out by the International Union of Pure and
Applied Chemistry (IUPAC) [18]: Micropore — to describe a pore width
below 2 nm, mesopore - to describe pore widths of between 2 and
50 nm, and macropore - to describe pores with a width greater than
50 nm.

However, this system is not without faults, especially when applied
to materials at the macroscale, including ceramic foams. Firstly, the
IUPAC classification is based on the process of physisorption, which is
affected by a wide range of factors including: pore shape, properties of
the adsorptive and interactions between the adsorbate — adsorbent [46].
As a result, a distinction needs to be drawn between the porosity of the
catalyst material and that of the substrate, particularly when applied to
foams for photocatalysis. Both porosity of the catalyst and the substrate
have different effects, and can impact catalytic activity differently, with
the latter being of greater importance. Porosity leads to a higher surface

area, when compared with an equivalent sized smooth surface [47]. In
photocatalysis this results in a larger irradiated surface area, allowing
for larger numbers of photons to be absorbed by the catalyst [48] and
leading to the formation of reactive hydroxyl radicals responsible for the
degradation of organic pollutants. Furthermore, the higher surface area
allows for greater adsorption of pollutant at the catalyst surface,
increasing overall degradation. Both aspects are well reported for both
slurry and immobilised systems [49,50].

Conversely, the porosity and pore size of the foam support impact the
hydrodynamics of the eluent flow through the structure, including
generating a pressure and inducing turbulence in the flow [51-53].
Furthermore, the pore size has a range of impacts on the photocatalytic
activity of the reactor system, with no consensus yet as to which pro-
vides the greatest benefit. Larger pore sizes offer less resistance to flow
of solutions and potentially allow for greater light penetration [54-56],
while smaller pores provide higher surface areas for reactions to occur
at, as well as reducing the diffusion times between surface and bulk
pollutants leading to greater kinetics [57,58].

As such, it is proposed that this classification be expanded to include
characterisation of the pore size of objects as well as the material’s
properties to allow for discussions around optimal pore size of foams to
occur with greater ease and frequency.

Like the traditional I[UPAC method, the authors propose a three-
category system for the classification of foam pore size (Fig. 5).

Foams with the average macropore size of less than 100 pm fall into
the category of mini-porous foams, containing the smallest pore sizes but
allowing for characterisation when these structures are expanded to
macroscale objects. Most foams discussed in this review fall into the next
category of midi-porous foams, foams with an average macropore size of
between 100 um and 1 mm. Finally, foams with pore sizes beyond 1 mm
are categorised as maxi-porous structures.

This expansion of the classification allows for greater clarity and
scope of research in both porous materials and objects (Table 1).

Most of the literature on foams as photocatalysts reports either the
porosity of the substrate material, here referred as the macroporous 3D
structure, or the porosity of deposited photocatalytic nanoparticles, here
referred as microporosity. As both levels of porosity are intrinsically
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Fig. 5. Proposed pore size characterisation scheme for foams and porous ceramics.

Figure adapted from Ref [59].

Table 1
Classification of foams according to the 3D macroscopic structure (foam pore
size) and material microporosity (material pore size).

IUPAC Classification (Material pore size) ~ Expanded Classification (Foam pore size)

Microporous (<2 nm)
Mesoporous (2-50 nm)

Miniporous (< 100 um)
Midiporous (100 pm — 1 mm)

Macroporous (>50 nm) Maxiporous (> 1 mm)

correlated to the photocatalytic activity of the overall foam structure,
reporting both levels allow for better understanding of properties and
comparisons. Therefore, the authors propose reporting catalyst material
properties, followed by support properties, for example mesoporous TiOz
nanopowders supported on a midiporous SiC foam.

3.3. Methodology

To facilitate a systematic review, data was collected in the following
way: Concurrent data searches were performed via Scopus using search
terms “foam AND water treatment AND photocataly-” and “reticulated
AND water treatment AND photocataly-" to provide an initial pool of
data. From this pool, entries which were duplicates, irrelevant, e.g. those
using “foam” to describe a porous powder as discussed earlier, and
showing no photocatalytic application or applied to gas phase photo-
catalysis, were removed. From this dataset, entries were assessed and
those that did not report the Egp or quantum yield or the parameters
required to calculate them were excluded. This process was reiterated
quarterly over the course of 18 months to ensure the data was up to date.
After this process, out of the 81 initial entries, 32 publications were
analysed with a total number of 43 data points, accounting for publi-
cations testing multiple pollutants.

Given the wide range of data, spanning orders of magnitude, loga-
rithmic scales were applied on all figures to allow visualisation of the
complete dataset. To compare and assess performances of the catalytic

systems, figures are separated into quartiles, to statistically relate the
performance of a particular system, within the wider dataset.

Owing to the complex nature of photocatalytic reactions, com-
pounded by the variety of reactor set ups (e.g. batch, recirculating,
continuous) and process parameters (e.g. light source, light intensity,
reservoir volume, pollutant, concentration, etc.), adopting an integrated
analytical framework is made difficult as each of these factors impacts
the effectiveness and efficiency of the overall system.

Of particular difficulty is comparing systems using degradation ki-
netics alone, the most frequently used metric to assess the suitability of a
photocatalyst. First, many researchers continue to use dyes for degra-
dation studies, despite well-known limitations of this approach, such as
photosensitised degradation and photochemical degradation [60], and
several key articles and editorials in the literature stating that the
degradation rate and kinetics of dyes systems are not truly indicative of
the activity of photocatalysts [61].

This issue becomes significant, as research moves towards using
more suitable target pollutants, including probe or model compounds
that are more resistant toward direct photolysis, with these systems
showing slower kinetics due to the absence of secondary degradations
[15]. As such, a system assessed using a more photo-resistant pollutant,
probe or model compound may exhibit much lower kinetics than if a dye
was used, skewing the impact of research towards those that use dyes for
the resulting higher kinetics, even though these may not be truly
indicative of the actual performance of the system.

An approximate comparative approach is used here, using the ter-
minology defined in the IUPAC glossary [62], allowing for a rough
comparison between different systems. For different compounds used
across different studies, normalised kinetics ke, wherein the kinetic rate
constant min~* has been normalised by the molar absorption coefficient
(MAC) of the compound, M~ em~! were determined. This allowed ac-
counting for the absorption and attenuation of light, thus enabling
comparison between dyes, which have high MAC values, and other
pollutants which have lower values.
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The authors recognise the limitations of this approach, but adopted it
as the only way to provide a semi-quantitative comparison of the liter-
ature, with its wide range of pollutants, photocatalysts, reactor config-
uration, light sources, etc. It also further highlights the need for
standardization in how experiments are conducted, and data reported,
which is one of the key aims of this review.

3.4. Figures of merit in photocatalysis

In terms of the energy efficiency of the system, this review makes use
of the Electrical energy per order (Egg), defined as the kilowatt hours of
electrical energy needed to decrease the concentration of pollutants by
an order of magnitude (90 %) in one cubic metre of solution [63], and
assessed using the following equations for batch and flow systems,
respectively:

Pxtx1000
Ero = V) logC, /C,) W
P
Ero = () togC, ) @

Where P is the total power output of the light source in kW, t is the
irradiation time in hours, V is volume in L, F is flow rate in m®hr ! and
Cp and C; are initial and final concentrations, respectively.

Ego allows for an analysis of the energy consumption of a reactor
system, as well as allowing for assessment of scale up potential. 1/Egg is
reported herein, for ease of understanding. The more energy efficient
systems will thus have a higher 1/Ego value.

The quantum yield allows for an assessment of the photon efficiency,
assessing the number of pollutant molecules undergoing degradation
relative to the number of photons reaching the catalyst surface [48].
Based on the definitions contained in the IUPAC glossary, the following
equations are proposed to calculate the quantum yield of photocatalytic
foams:

kK= (k)(C())(Vllluminuled)(m01s71) 3
Ay % St
Np = E—P( - @
N, 1
Gup = <TP> N—(mols’l) 5)
A
k/
= — 6
qn.p( ) ( )

where, K’ is the rate of pollutant degradation (mol s’l), k is the kinetic
constant (s 1), C, is the initial pollutant concentration (mol LD, Vil
minated 1S the volume of pollutant irradiated.

The number of photons can be calculated using Eq. (4), where I;is
the attenuated irradiance of the light source accounting for absorbance
of the medium and the pollutant molecule(s) (W m_z), S is the surface of
the sample onto which the light impinges (m?) and ¢ is the time under
irradiation. E, = ’%ﬁ (J) is the photon energy at the wavelength emitted
by the lamps, where h is Planck’s constant, c is the speed of light and ) is
the wavelength of light (m) from the lamps. The photon flux is the
numbers of photons during irradiation of a mol of photons, where N, is
Avogadro’s number (Eq. (5)). Finally, the quantum yield (¢) is calcu-
lated using Eq. (6).

4. Photocatalytic activity for different foam structures

The wide range of materials, supports, reactor design and testing
conditions reported in the literature for photocatalytic foams makes a
direct comparison between different results challenging. An extensive
survey of the literature, reported in Tables 2-4 in Appendix 1, is

Journal of Environmental Chemical Engineering 11 (2023) 109238

discussed below, and based on the kinetics of the system, the electrical
energy per order and quantum yields, broken down by type of foam and
substrate material, highlighting the advantages and disadvantages of
each system. Examples of each type of foam, along with synthetic
methods, advantages, and disadvantages of each can be found in Sec-
tions 4.2 — 4.4.

4.1. Performance comparison

Fig. 6 shows a breakdown of the data compiled in this meta-analysis,
highlighting the disparity between the kinetic constant of a photo-
catalytic system, and its suitability for large scale adoption, shown here
by the inverse electrical energy per order (1/Ego) and quantum yield.
With one exception [31], photocatalytic systems that show very high
kinetics (above the 75th percentile), show neither 1/Egp nor quantum
yield values above the 75th percentile. Even when considering data
points above the 50th percentile, only a very small proportion of re-
ported systems show equally high values of k., and either 1/Egp or
quantum yield.

Due to the initial research in the field being based on substrate
supported foams, it is unsurprising that most of the data reported is
based on these foams, and as such, these reports show the widest ranges,
with data points falling in all four quartiles for all parameters. While
these supported foams show high kinetics, when evaluating for both 1/
Ego and quantum yield, both parameters had ~50 % of the data points
falling below the 50th percentile. This means, while the 3D structure of
foams has been shown to be beneficial for photocatalysis due to the
higher surface areas and surface area to volume ratios, this is countered
by the fact that the supports are inert, i.e. non-photocatalytic, thereby
limiting the effective use of the incoming light from the irradiation
source, resulting in lower quantum yields [64].

Fig. 6 shows that the substrate-free foams have some of the highest
values for k¢, 1/Ego and quantum yield. These can be attributed to
multiple factors: The substrate removed foams show very high porosities
(>90 %), and particularly open porosity, resulting in high surface areas
that can be reached by both pollutant and photons, providing area for
degradation reactions to occur at. This allows for greater utilisation of
light, increased electrical efficiency and thus better performance.

Discussion on the impact of substrate removed foams is partially
hindered by the low number of data points. Note, that the data available
comes from systems involving reduced graphene oxide (rGO) within the
foam. rGO is not inherently photocatalytic, but finds use within photo-
catalytic systems due to its excellent charge transfer properties resulting
in longer electron/hole pair lifetimes [65,66]. This means that its in-
clusion likely leads to increased quantum yield of the system for a wide
range of photocatalyst materials [67].

The impact of photocatalyst material on figures of merit is of
particular interest. Considering quantum yields of the photocatalytic
systems, foams with highest quantum yield are those made of ZnO or Zn
based photocatalysts, with one exception. Foams made of TiO; show low
quantum yields irrespective of foam type. This is because ZnO to absorbs
over wider range of wavelengths compared to TiO2, allowing for greater
utilisation of available photons [68], as well as TiO, suffering from
higher rates of electron hole recombination. [69].

While the majority of publications assess TiO5 and ZnO catalysts, a
few studies investigate the use of more complex photocatalysts,
including copper oxide-based catalysts (CuO, Cuz0), [33,70] and bis-
muth tungstate (BiaWOg), [71] or oxoiodide (BiOI) catalyst [72]. The
latter two provide photocatalytic activity in the visible light spectrum
and may be therefore useful in solar-driven photocatalytic systems.

As one would expect, as more time is dedicated to research into the
field, coupled with technological advances, the results published show
an upward trajectory in terms of performance. This can be seen in Fig. 7a
and b, where > 85 % of the data points from papers published between
2009 and 2014 show kinetics below the 50th percentile for kinetics,
contrasted with 50 % from 2015 to 2019 and 33 % from those published



Z. Warren et al.

o Substrate Foams P
a.| o Substrate Removed Foams
9 Substrate Free Foams °
0.01
]
L
° o
5 0.001 M- 008 °
o o
Q Q9
- U 9o o % °
" L] i
. Y °
1E-4 o
4
L4 °
1654 i it °
T T T T
1E-4 0.001 0.01 0.1 1
Normalised Kinetics k_ (X10° M cm min™")
C.
e ]
* TiO,
* 7ZnO o
0.014| @ Other
=
9o
° 9
500014 " oos °
W’ 2 5
- L ° ° ° o9
i 09 9 9
° o
1E-4 4
4
° 9
1E-5 i il @
T T T T
1E-4 0.001 0.01 0.1 1

Normalised Kinetics k_ (X1 05M cm min™)

Quantum Yield ¢

Quantum Yield ¢
[
q
[+

Journal of Environmental Chemical Engineering 11 (2023) 109238

iii. °

0.001 + q

1E-4 &

1E-5 4

1E-6
0.001

T T T
0.01 0.1 1

Normalised Kinetics k (X10° M cm min™)

0.1

0.01 4 °

o
o
S
=
L
©

-
m
IS

1
L

1E-5

0.1 1

1E-6
0.001

0.01
Normalised Kinetics k, (X10° M cm min™")

Fig. 6. Plots of left) 1/Ego and right) Photocatalyst quantum yield, against normalised kinetics, ke, for foam based photocatalytic systems showing a breakdown by:
(a,b type of foam and (c,d) photocatalyst material. Lines i, ii and iii represent the 25th, 50th and 75th percentile respectively. The legend in graphs a and c, also apply

to graphs b and d, respectively.

since 2020, respectively.

As shown in Fig. 7c and d, the research conducted between 2009 and
2014 primarily used TiO2 supported on foam substrates, likely due to the
widespread usage of TiOy nanoparticles for slurry systems and the
relative simplicity of production of ceramic and metallic foams [13,73,
74], as discussed previously. After 2015, publications appear to split into
distinct camps: those continuing to focus on supported TiO, with reports
of greater electrical efficiencies but with little change in quantum yields,
along with higher kinetics.

This suggests main improvements were made in reactor design and
photocatalysts preparation, leading to faster degradation kinetics and
associated shorter times to do so, thus reducing the electrical energy per
order [16]. The other camp is represented by publications focusing on
Zn-based catalysts, containing ZnO and ZnFeS catalysts on substrates
[42,75]. The first use of substrate-free foams as photocatalysts was re-
ported in 2017 [15]. From here, moving into the 2020 s, the field un-
dergoes further expansion: More research has been conducted into TiOy
supported foams, with reporting of higher kinetics, but with limited
improvements to the electrical efficiency [39,76,77]. Zn-based catalysts
have also been used on substrate-removed foams, by removing the metal
substrate while retaining the underlying porous structure [78]. These
foams show improvements in electrical efficiency and quantum yield,
compared to the earlier supported Zn-based catalysts. The higher effi-
ciency can be attributed to improvements in reactor design, particularly
regarding use of more energy efficient light sources. Substrate-free ZnO
foams show higher electrical efficiencies, quantum yields and kinetics,
which can be attributed to improvements from TiO, as discussed pre-
viously, development of reactors and the increased efficiencies that

come with a foam that is entirely photocatalytic [58,79]. A graphical
depiction of this development pathway is shown below in Fig. 8.

4.2. Substrate supported foams - effect of substrate materials

For use as porous supports for photocatalysts, materials fall into
three major categories: Metallic foams, alumina-based foams, and silica
/ silicon carbide-based foams. TiO5 and ZnO are the most common
materials grafted, coated, or deposited onto foams substrates. Other
catalysts successfully coated onto foam substrates include multi-walled
carbon nanotubes [78], BiOI [80], ZnFeS [42], as well as binary [71,
81,82] and ternary [33] photocatalysts. The methods for the deposition
usually lead to good adhesion of the catalyst on the substrate, preserving
the open porosity and, therefore, the high surface area of the foams. The
main reported methods of deposition include spray coating [14], dip
coating [14,29,77], and growth during hydrothermal synthesis [33,81,
83].

4.2.1. Photocatalytic activity for metallic foams

Metallic foams see widespread use across multiple areas, from
aerospace engineering to biomedicine applications [84], to electro-
chemistry [85] to catalysis [86]. Metallic foams can be synthesised in a
multitude of ways with techniques including casting within a resin
mould, [87], use of a sacrificial template such as a polymer, [88] or use
of a foaming agent [73].

In photocatalysis, the mechanical strength of metal foams represents
their key benefit, allowing for applications in flow or recirculating sys-
tems [89]. Their high surface area also provides for high catalyst loading
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Fig. 8. Flow chart showing the development of foam based photocatalysts over time.

[73]. The conductive nature of metals has benefits when applied as
supports for photocatalysts. Nickel foams have been shown to signifi-
cantly increase the photocatalytic activity of supported catalyst [31]. As
strong electron acceptors, the metal foams facilitate greater charge pair
separation, thus increasing the lifetime of charged species at the pho-
tocatalyst surface that degrade pollutant molecules [75]. Research using

Zng.oFep 1S supported on Ni foam, showed a 6-fold increase in degra-
dation of the fluoroquinolone antibiotic norfloxacin, when compared
with an equivalence of unsupported catalyst [75] shown below in Fig. 9.

Similar findings were obtained using Fe-ZnS on Ni foams for the
degradation of bisphenol A [42]. The increase in activity is attributed to
the 3D structure of the foam and the high surface area that it provides,
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tocatalysts.
Adapted from Ref. [75].

while also acting as an electron sink, leading to increased charge pair
lifetimes. In addition, the substrate may increase the stability of the
supported catalyst by reducing water-surface interaction, with both
Zn?* and Fe?* at half the concentration leaching into solution compared
with the unsupported catalyst. This, coupled with charge separation of
electrons away from the catalyst surface provides a promising approach
for to mitigate photo-corrosion of certain photocatalysts especially
Zn-based [90].

Another beneficial effect of the use of metallic foams is the formation
of interstitial oxide layers at the catalyst-substrate interface, arising as
part of a heat treatment step. The metal oxide layer, particularly NiO
from Ni foams, leads to the formation of a heterojunction at the surface,
providing an additional route towards charge pair separation and
enhanced photocatalytic activity [71,91,92].

4.2.2. Photocatalytic activity for metal oxide materials

Porous ceramic materials exhibiting high porosities currently find
use in a wide range of applications including architectural infrastructure
and in the biomedical sector [93], with their widescale adoption due to
multiple beneficial properties including: high surface areas and perme-
ability as well as significant mechanical, thermal and chemical stability
[94]. These properties are also conducive to their use in photocatalytic
flow reactors and in the decoration and coating of photocatalyst nano-
particles onto the support, as this frequently requires high temperature
sintering to ensure adherence to the surface and formation of desired
crystal phases of photocatalyst [95]. The synthesis of these supports

generally follows a replica-type methodology, wherein a slurry of par-
ticles is soaked into an easily pyrolised template material, e.g. PU foams,
and dried prior to heat treatment to remove the template and leave the
sintered ceramic support behind [13,55,96].

Alternatively, as a metal oxide, alumina aerogel foams have been
produced via a sol-gel reaction using gas evolution from the decompo-
sition of the reactants to generate porosity [97-100]. Interestingly, the
surface structure of some alumina foams, particularly y-AloO3 and
n-Al;03, are themselves catalytic, due to the high proportion of oxygen
rich groups and hydroxyl groups [101,102]. These regions provide
active sites for the deposition of photocatalysts, providing strong
chemical bonds and adherence to the surface of the foam [103].

With a band gap > 7 eV [104,105], AlyOg is an insulating material
and as such, unlike other support materials such as Ni or SiC which
benefit from high electron mobility or the formation of a p-n hetero-
junction, its use as a support cannot provide electronic effects to pro-
mote photocatalytic degradation. Instead, alumina supports provide
high surface areas for anchoring of photocatalyst nanoparticles. This
gives significant performance improvement over slurries, for which it is
well reported that increasing the concentration of particles in solution
leads to a decrease in photocatalytic activity due to higher turbidity of
the solution, negatively impacting light penetration and subsequently
activation of catalyst particles [6,106,107]. For example, increasing
titania nanoparticle slurry loading from 10 % to 12 % saw a decrease in
kinetic constant of ~ 48 %, whereas the same catalyst loading increase
onto a reticulated Al;O3 led to a ~ 450 % increase in a pilot-scale
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photocatalytic oxidation reactor under UV irradiation for the degrada-
tion of tertiary amine (DBU) [14]. Similarly, complete mineralisation of
phenol was achieved using TiO2/Al;03 foams with around 75 % higher
photocatalytic activity than the corresponding slurry dispersion [17].

4.2.3. Photocatalytic activity for semiconductor foams

pB-Silicon carbide (p-SiC) foams are highly suited towards use as
foams due to their ease of synthesis, from a range of precursors, e.g. via
chemical vapour deposition method (CVD) using silicon chloride and
methane [108,109]. Alternatively, open cell foams of self-bonded SiC
materials have been synthesised through the replica method using a
polyurethane (PU) foam as template, onto which a sol containing
elemental silicon and carbon black particles were deposited, followed by
high temperature reaction and pyrolysis of the support [74] as shown in
Fig. 10.

The high thermal stability of SiC has proved beneficial for the syn-
thesis of composite materials, e.g. TiO5/SiC where oxidation at high
temperature has allowed tuning TiOs crystal structure, in particular the
anatase/ rutile crystal ratio, with no change observed in the carbide
support [74]. Furthermore, this stability may allow for the regeneration
of deactivated catalyst, through thermal or chemical treatment, without
risks of compromising the support material [94].

A particular advantage of SiC foams as supports for photocatalysis is
a high density of superficial oxygenated groups, providing multiple sites
for anchoring metal oxide photocatalysts to the foam [29], resulting in
higher catalyst loadings than reported for other ceramic foams [14,110,
111]. A widely reported phenomena is the synergic effect between
p-type B-SiC and n-type TiO due to B-silicon carbides’ semiconductor
nature, thus allowing for coupling between the two materials to form a
p-n heterojunction in the structure [112]. This results in greater charge
separation, with the electrons promoted to the conduction band of the
SiC moving across the heterojunction to the TiO» conduction band and
the holes in the TiO; valence band moving to the valance band of the SiC
[113]. This separation of charges increases the lifetime of the charged
species such that the charge species have a greater chance to be involved
in reduction or oxidation reaction [114]. This can clearly be seen in
cases where a catalyst-free, reticulated SiC foam was shown to have low
photocatalytic activity towards 4-ABS under UV irradiation with a
removal of ~ 30 % after 60 h, compared with ~60 % removal using TiO2
particles alone [110]. After immobilising an equivalent mass of TiOy
catalyst onto the SiC foams, ~100 % removal over the same time scale
was achieved [110,113]. Additionally, the photocatalytic removal of the
herbicide paraquat was performed using TiOy/SiC foams, with 90 %
TOC removal achieved in a flow reactor using UV irradiation [16].

4.3. Substrate removed foams

Foams in this group are generally obtained from coating, primarily
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with conductive carbon materials of a sacrificial substrate, which is
subsequently removed. Commonly employed supports include metal-
organic frameworks (MOFs), prepared as a template via calcination of
solid architectures, obtaining clean and smooth skeleton foams, with a
lightweight and interconnected highly porous structure [115]. These
were subsequently coated with graphene oxide (GO) and porous ZnO
nanocages, providing a superior photocatalytic activity. Similar foams
were also synthesized via carbonization of starch and polyvinyl pyrro-
lidone (PVP). The resulting foam produced a semi-graphitized structure
with high porosity where, after addition of ZnO nanorods as photo-
catalyst and effectively decomposed more than 98 % of rhodamine B
under both visible and UV light [116].

A further example is the use of nickel-based skeletons as foam tem-
plates to generate graphene 3D structures, providing an inert and
resistant substrate as shown in Fig. 11. Using commercial nickel foams
consisting of a surrounded uniform close-packed macropores over the
structure, a highly porous graphene foam was obtained with pores in the
micrometre range and a large specific surface area [37].

The removal of the Ni scaffold from the graphene foam structure
played an important role on the photocatalytic processes, with 2.5 times
higher photoactivity compared to the graphene foam still incorporating
the nickel substrate. This enhanced performance was attributed to the
higher electron mobility of graphene and its interaction with the catalyst
(ZnO). The dissolution of Ni template also increased the illumination
sites on the 3D sample, improving the overall photocatalytic efficiency
[117].

Furthermore, the combination of the 3D structures and the conduc-
tive properties of graphene foams can ameliorate photocatalytic pro-
cesses: Reduced graphene oxide (rGO) foams grown on nickel templates
showed a superior photocatalytic performance thank flat films, related
to the higher surface of the structure with a more effective contact be-
tween the reaction solution and the active sites [82]. The 3D structure of
GO foams allowed more target molecules to be absorbed onto the sur-
face, reducing the light scatter by the internal pores [37]. The thickness
of graphene foams can also affect the photocatalytic activity, with
thicker layers of graphene compromising the mobility and electron
acceptability of the foam structure, negatively affecting the photo-
catalytic properties of the ZnO semiconductor used as a modifier [36]. In
the study, few-layers graphene was more appropriate in comparison to
multi-layers, reaching a higher photocatalytic degradation of methylene
blue solution under visible light illumination.

4.4. Substrate-free photocatalytic foams

A recent development in the field of photocatalytic foams is the
formation of foam structures from the photocatalytic material itself, thus
forming substrate-free foams. These substrate-free foams can be pro-
duced in multiple ways, including the formation of TiO,-SiO2 aerogels
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Fig. 10. SEM micrographs of a) SiC foam, b) Supported TiO, on foam and c) removal rates of 4-ABS using supported TiO, photocatalysts.

Adapted from Ref. [110].
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Fig. 11. SEM micrographs of a) ZnO/rGO foam (inset is the photograph of free-standing ZnO/rGO foam), b) ZnO nanorods on the ZnO/rGO foam scaffold and c)

removal rates of RhB using ZnO/rGO foam.
Adapted from Ref. [37].

[118], hydrogel formation [119], freeze drying followed by template
removal [15] as shown in Fig. 12, liquid templating followed by sin-
tering of metal oxide particles [79] and direct foaming of sol-gel syn-
theses [58]. When compared with synthesis methods for other types of
foams, which involve the use of high temperatures (e.g. for metallic
foams, [73]), or the use of highly caustic reagents (e.g. for the removal of
Ni foams for substrate removal, [36,82]), these synthetic methods
require milder conditions and reagents for foam production.

Furthermore, the very low densities and high porosities of these
foams (> 90 %) cause these foams to show buoyancy and as such are
easy to replace and remove from reactors. The formation of low density,
floating black-TiO, foams, has been reported, with the freeze drying
synthesis forming a structure of both open and closed pores, with the
buoyancy attributed to the latter [15]. While too many closed pores are
less desirable due to the catalyst surface being inaccessible, the reported
foams still showed excellent removal performance for the degradation of
a range of organic pollutants including hexadecane, phenol, atrazine,
rhodamine B and thiobencarb. The foams demonstrated better removal
performance for all substances than the P25 TiO powder reference [12].
Substrate-free ZnO foams synthesised by liquid templating and sol gel
methods, applied for the photocatalytic degradation of carbamazepine
show better quantum yields and energy efficiency than immobilised and
slurry systems, further highlighting the benefits of the 3D foam structure
[58,79].

5. Use of photocatalytic foams in reactors

The design of photocatalytic foams is intrinsically linked to the
configuration of the reactors they are used in, with different designs of
the latter used to make full use of the former’s physical properties,
particularly their 3D structure and high surface areas. Photocatalytic
reactor design challenges include: (1) increasing mass transfer between
the aqueous medium and the photocatalyst surface for greater kinetics;
(2) maximising light efficiency and irradiation of the entire foam, due to
the structural complexity of the foams, while maximising the

illuminated (or active) surface area; (3) increasing long-term stability of
the photocatalyst on the substrate/template foam for use at scale,
avoiding leaching and, in view of potential use, with minimal downtime
caused by replacement or repair [120,121].

There is a wide range of foams photoreactors designed for water
treatment, their configuration comprising continuous, batch and semi-
continuous systems. The vast majority consist of simple batch systems,
with the foam located in a single tank reactor with the aqueous solution
being continuously stirred. However, this configuration does not take
advantage of the high porosity and interconnected 3D structure of
foams, which are better suited for flow reactors, where the liquid phase
can permeate through the pores into the internal structure of the foam
[29]. In this case, the flow can operate in a re-circulating or single pass
mode with uniform mixing, with the contaminant in close contact with
the foams’ surface. Moreover, the flow through the tortuous structure
can generate turbulence improving mixing, thereby improving the mass
transfer by decreasing the external diffusion layer [14]. In a typical flow
reactor, a glass tube (quartz or borosilicate) is filled with a photo-
catalytic foam and surrounded by UV/visible lamps, where the liquid
can flow through the foams by a circulation mode using an external
pump. In terms of configuration, a recirculating flow reactor is consid-
ered a versatile system for evaluation of the photocatalyst, reactor ge-
ometry, irradiation source, and fluid residence time, which can provide
a simpler solution than slurry reactors [121,122]. Furthermore, it allows
for the catalyst to be applied under conditions like what would be used
at scale, in this case single pass flow systems [123]. Operating under
recirculating conditions allows for evaluation of catalyst performance at
varying flow rates and assessment of mechanical stability.

Most of the foams applied in flow systems so far have been prepared
using alumina or SiC [124], which have a miniporous reticulated
structure, usually at the micrometre range, and are considerably more
resistant than polymer or carbon foams. The latter show lower me-
chanical stability and are less suitable at present for use within a flow
reactor. Alumina- and SiC-based foam can be adapted to different ge-
ometries to maximise flow rate without significant increases in pressure,
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Fig. 12. a,b) SEM micrographs of TiO, foam and c) removal rates of multiple target pollutants using TiO, photocatalysts.

Adapted from Ref. [15].
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which would negatively affect the energy efficiency of the reactors.
Metallic foams also exhibit a highly resistant structure which make them
suitable for use in flow reactor systems, but the cost to generate an open
cell monolith is still considerably higher than for ceramic foams [125].

The main challenge in the design of photoreactors remains light ef-
ficiency, specifically the difficulty of providing a uniform light distri-
bution over the whole 3D structure of the foam with sufficient light
penetration to its internal core [126,127].

To overcome this challenge, different configurations have been
developed, including an annular reactor, wherein the irradiation source
is internal and central to the foam, positioned between the light source
and the internal wall of the reactor [14]. These reactors ensure that the
core of the foam is irradiated, as it is closest to the light source, but
therefore, the exterior surfaces now require additional irradiation. A
clever alternative has been to use a reflector, a screen made of highly
reflective material such as aluminium, wrapped around the outer wall of
the reactor [128], reflecting photons that passed through the foam back
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into the reactor and foam structure, increasing the quantum efficiency of
the reactor.

An alternative strategy for the configuration of the reactor was to
allocate the irradiation source through the foam, internal but not cen-
trally. This allows for multiple irradiation sources to be included within
the foam, enabling greater light coverage and higher illuminated surface
areas, while providing for lamps of smaller diameters to be included,
thus maximizing the illumination area and reducing the dimensions in a
tubular configuration [129]. The decentralization of irradiation means
that, with design and simulation, an optimal number of irradiation
sources can be applied throughout the foam structure to allow for high
illuminated surface areas [130].

A third strategy is to position the catalyst inside of a tubular quartz
tube surrounded by the light source(s) placed externally. This method-
ology warrants the greatest control over irradiation, light intensity, and
power usage of the reactor, through designing the reactor for light
sources to be placed outside the tube at varied distance from the tube
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Fig. 13. Recirculating batch reactor configurations for photocatalytic foams: (A) the irradiation source is allocated internally and centrally, surrounded by a
photocatalytic foam [14]; (B) designed foams allowing the presence of multiple illuminating points internally to the structure [129]; and (C) a foam centrally

allocated with UV lamps externally surrounding it [111].
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[111]. However, as it the only design with an external irradiation
source, the use of a reflector is more complex and less effective, reducing
the efficiency of the irradiation. Examples of reactor designs can be seen
in Fig. 13.

The source of irradiation and how the catalyst is allocated are critical
parameters that can impact the design and geometry of photocatalytic
reactors for immobilized catalysts [122]. In the case of photocatalytic
foams, their complex, 3D shape must also be taken into consideration as
it directly affects mass and radiation transfer limitations when consid-
ering scale-up.

6. Future perspectives on development of photocatalytic foams

As shown in Fig. 8, the field of photocatalytic foams has been
constantly developing, from supported TiO, foams to the variety of
foams discussed herein, and this is likely to continue. While develop-
ment thus far has focused on new methodologies for foam production, or
improving the activity of photocatalysis, future developments could be
expanded to include technological advancements as well.

6.1. Technological advances

Of particular interest is the application of UV-LED lamp technology
that may provide significantly improved energy efficiency of photo-
catalysis, offer new reactor designs given the small size of LEDs
compared to traditional mercury (Hg) lamps, and more sustainable lamp
disposal as LEDs do not contain toxic materials as illumination source
and lower energy consumption (potentially lower Egp). [131,132].
While not the focus of this review, it is worth noting that these advances
will bring these benefits all light driven advanced oxidation processes as
well as water treatment.

6.2. Novel foam materials

Alongside the technological development, material developments
will likely continue, expanding into two new fields, increasing the
number of photocatalyst materials applied as foams and the use of
doping materials: While most materials used currently are large band
gap semiconductors, requiring UV irradiation, a common method for
band gap engineering of nanoparticles is doping and has shown promise
in allowing for visible light utilisation of ZnO and TiO; [133-135].
Non-metal dopants such as nitrogen have been shown to allow for visible
light (or solar) photocatalysis of both ZnO [136] and TiOy [137,138],
along with metal dopants such as copper [139], allowing for utilisation
of photocatalysts under visible light. However, thus far these de-
velopments have been limited to modification of nanoparticle or film
based photocatalysts and not been applied to foam photocatalysts in any
form.

Graphitic carbon nitride (g-C3N4), has shown good visible light ac-
tivity for degradation of pollutants [140-142], and is therefore a
possible candidate for photocatalysts used for water treatment. Photo-
catalytic systems that utilise g-C3N4 thus far use it in a slurry system.
Immobilisation of g-C3N4 onto a foam or production of a foamed variant
of g-C3N4 would prove to be a system of interest. Furthermore, the
photocatalytic activity of g-C3N4 systems can be tuned via doping [143].

As previously discussed, the use of substrate-free foams shows great
promise for practical application and the synthetic procedures to make
these foams (e.g., sol-gel, direct foaming) have potential for incorpora-
tion of dopants into the foam structure, via control of the molar % of
dopant in the foam formulation.

6.3. Foam reactor development
As discussed briefly previously, the application of foam based pho-

tocatalysts in reactors requires particular care be taken with the posi-
tioning of irradiation sources as well as accounting for the 3D structure

13

Journal of Environmental Chemical Engineering 11 (2023) 109238

of the foam, such as pore size and illuminated surface area. As the field
develops and the use of these reactors become more widespread, it is
likely that these parameters will be more easily controlled leading to
increased performance of the reactor, in terms of photocatalytic activity,
energy efficiency and quantum yields, due to maximised illuminated
surface areas of photocatalyst.

3D printing of photocatalytic foams [144,145], coupled with
computational modelling [146],shows potential in this area, as design of
the structures to be printed provides opportunity to increase the surface
area which will be illuminated, allowing for bespoke foams to be printed
to maximised the efficiency of the reactors. At present, while substrates
can be printed with hierarchical foam structures [144], attempts to print
substrate free foams are currently limited to simplistic structures. [147,
148].

7. Conclusions

This review of the available literature shows the that photocatalytic
foams have the potential to address the limitations of slurries and
immobilized catalysts which have, so far, hindered more widespread
industrial adoption of photocatalysis for the degradation of organic
pollutants in water. Furthermore, studies on their use in continuous flow
reactors provide a clear path towards practical adoption. The high
performance of foams can be attributed to the combination of favourable
physical, e.g. high porosity and surface area, and structural parameters,
e.g. mechanical resistance. However, some fundamental gaps still exist,
particularly in relation to linking materials’ properties to foam perfor-
mance in photocatalytic flow reactors. The authors encourage the
community to focus on key challenges, including:

— Shift the focus from the assessment of surface area, which is relevant
for slurries, towards methods to reliably evaluate the active surface,
i.e. open porosity which can be reached by the external light source.
Characterisation methods like computed tomography (CT) and BET
can support these efforts.

— Develop methods to combine the design of the irradiation source and
of the foam structure to maximize the active surface, including
estimating how deep the irradiation source can penetrate.

— Include assessments of catalyst reusability and long-term perfor-
mance in scientific publications to facilitate scale-up considerations,
including cost.

Furthermore, the field suffers from a lack of common best practices
and nomenclature, which makes it challenging comparing performance
across different materials, geometries, and process conditions. To
address this, the authors have suggested the adoption of:

A clear and simple nomenclature to classify foams based on average
pore size and manufacturing process.

The routine use of key figures of merit, including photocatalyst
quantum yield and electrical energy per order to compare the perfor-
mance of different foams under different conditions, moving beyond the
mere reporting of degradation rates.

Identification of the nature of the active species within a reaction,
such as hydroxyl radicals or superoxide radicals via characterisation
such as electron paramagnetic resonance (EPR).

Finally, the authors would like to re-iterate the often-repeated advice
that whenever practical or possible, researchers should move away from
using dyes, and using HPLC rather than UV-Vis, to determine photo-
catalytic activity and degradation kinetics.
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