Open Access Article. Published on 15 September 2023. Downloaded on 2/12/2026 10:49:56 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

EES Catalysis

REVIEW ARTICLE

’ '.) Check for updates ‘

Cite this: EES Catal., 2024,
2,138

Received 25th July 2023,
Accepted 7th September 2023

DOI: 10.1039/d3ey00179b

rsc.li/eescatalysis

Broader context

¥® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online
View Journal | View Issue

Photocatalytic inactivation technologies for
bioaerosols: advances and perspective

ab

Linghui Peng,®® Haiyu Wang,®® Yuelong Wang,?® Guiying Li and

Taicheng An () *2°

Bioaerosol control systems are urgently needed to inactivate airborne pathogenic microorganisms to
prevent secondary contamination. Recently, with an increasing number of studies on the characteristics
of bioaerosols, researchers have gained a better understanding of bioaerosols, which has promoted the
development of bioaerosol control technology. Bioaerosol photocatalytic inactivation technology shows its
superiority through excellent oxidation capacity, environmental friendliness, the absence of secondary
contaminations, and good compatibility. However, there are very few available studies that comprehensively
summarize and present the state of bioaerosol photocatalytic inactivation technology. This article mainly
reviews the recent advances in advanced materials, combined technologies, carriers and reactors, applications
and performance evaluations of photocatalytic inactivation technology. The efficiency, advantages and
disadvantages of these factors are comprehensively discussed. This review also highlights the practical
applications, addresses the challenges, and provides a perspective on bioaerosol photocatalytic inactivation for
future research.

Bioaerosol control technologies have attracted more and more research interests due to increasing demands for the reduction of bioaerosol hazards, especially
in the situation of the quick spread of the COVID-19 pandemic. As one of the most promising technologies, bioaerosol photocatalytic inactivation technology
emerged in 1995, 10 years after its application in the field of water sterilization due to lack of understanding of the characteristics of bioaerosols. Recently, with
increasing research on the characteristics of bioaerosols, researchers have gained a better understanding of bioaerosols, which has promoted the development
of bioaerosol control technology. Bioaerosol photocatalytic inactivation technology shows its superiority through excellent oxidation capacity, environmental

friendliness, the absence of secondary pollution, and good compatibility. However, there are no available studies that comprehensively summarize and present
the state of photocatalytic inactivation technology for bioaerosol control, which is quite different from water disinfection. This article mainly reviews the recent
advances in the design of efficient photocatalysts, classifications of photocatalyst carriers and reactors, applications of photocatalysts and performance
evaluations for bioaerosol inactivation and is expected to contribute to a better understanding of the development and the achievement of highly efficient

control of bioaerosols.

1. Introduction

“why we should control it (harm)”’ and “how to control it
(control technology)” (shown in Fig. 1). Bioaerosols contain

Bioaerosols have been studied for about 200 years since 1833
when mold spores were first detected in the air by Charles
Darwin.! In recent decades, there has been a research boom in
the bioaerosol field, thus triggering many research studies
aimed at understanding “what is bioaerosol (classification)”,
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complex pathogenic microorganisms no matter in indoors or
outdoors,>”? including bacteria, fungi, viruses, pollen, and their
derivatives such as allergens, endotoxin, mycotoxins, etc.*” The
largest mode diameter observed for fungal spores in bioaerosols
ranges from 1 to 30 um, followed by that for bacteria (2-8 pm). The
smallest diameter is observed for viruses, measuring about 0.3 pm,
while the size distribution of bioaerosols from animal and plant
fragments is more varied, ranging from 0.001 to 100 pm.>® The
bioaerosols are small enough to linger in air, accumulate in
enclosed spaces, deposit on surfaces, and be inhaled in both short
and long ranges.””® Humans exposed to bioaerosols are at risk of
infections.'®"* Two major transmission routes for respiratory-
borne diseases, namely, short-distance droplet transmission and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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contact with contaminated surfaces (or fomites) have been
discovered."® Various indoor bioaerosols, especially the infectious
microbes, are closely linked with various diseases, such as
pneumonia, infectious diseases, cancer, asthma, and allergic
diseases.'* Therefore, bioaerosol control is urgently needed for
human health.

Due to the prevalence of respiratory infectious diseases
caused by bioaerosols,'”™® strategies and technologies for
bioaerosol control have been intensively investigated.'®>
Existing bioaerosol control ways include physical, chemical,
and biological methods.'® Physical methods like ultraviolet
(UV),? thermal,> and microwave irradiation,*® plasma,*®*’
ions,*® filters>®>' and static electricity®>* can inactivate
bioaerosols in enclosed spaces by destroying their genetic
matter or their physical structures.”® They suffer from huge
energy consumption, space occupation, and localized
inactivation.?® spray,® (03),”
photocatalysts are typical chemical methods for bioaerosol
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inactivation. Chemical methods can indeed inactivate bioaer-
osols quickly and cheaply, but usually lead to byproducts that
are harmful to humans.'® With the development of biotechnol-
ogy, biological enzyme elimination can also realize targeted
inactivation of microorganisms with high efficiency without
causing secondary pollution.*® However, biological enzymes
only inactivate specific microorganisms, and are not suitable
for complex bioaerosol inactivation.

As a clean chemical method, photocatalytic technology
shows great potential for the inactivation of airborne biological
contaminants due to its excellent oxidation capacity, environ-
mental friendliness, absence of secondary pollution, and good
compatibility.*"** Photocatalytic sterilization in water began in
1985."* Matsunaga et al. first reported that Pt-loaded titanium
dioxide (TiO,) can be used to inactivate Saccharomyces cerevisiae
cells in water, which opened the door to photocatalytic inacti-
vation technology. Photocatalytic inactivation of water micro-
organisms was then intensively investigated,****™*® because the
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Fig. 1 Illustration of research contents about bioaerosol control.

photocatalysts are low cost, stable, ease of manufacture, and
minimally toxic.””

However, photocatalytic inactivation of bioaerosol was rarely
investigated until 1995,*® which was 10 years later as shown in
Fig. 2. The difficulty in photocatalytic inactivation of bioaero-
sols lies in their relatively low concentration, compared to
disinfection in water. The microbes in bioaerosols cannot fully
come in contact with photocatalysts as in water; thus the
efficiency of photocatalytic inactivation may be reduced. The
pioneering work in the field of gas phase photocatalytic disin-
fection (bioaerosol inactivation) was done by Goswami et al. in
1995.%* During the first ten years (1995-2005), TiO, was mostly
used at the beginning of bioaerosol photocatalytic inactivation
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due to its excellent photocatalysis and easy preparation.*® The
subsequent research shifted toward improving reactor designs,
by modifying the size, shape, and structure of the photocatalytic
reactors.’”>! With a deepening understanding of bioaerosol, the
photocatalytic inactivation was directly conducted with various
types of bioaerosols, including fungi, bacteria, viruses and spores
in around 2018.°>°% As different types of bioaerosols show
different size distributions and activity, the inactivation efficiency
of various types of bioaerosols is dependent.

In recent times, more and more researchers have devoted
their efforts to bioaerosol photocatalytic inactivation in
response to the growing demand for bioaerosol control for
human health protection.>*>* Bioaerosol photocatalytic inacti-
vation offers advantages of low cost, environmental friendliness
and chemical stability, making it more suitable for bioaerosol
control in occupied areas. Contemporaneously, the individual
TiO, photocatalyst cannot meet the requirement of quick
photocatalytic inactivation, leading to the rapid development
of combined photocatalysts to enhance the photocatalysis and
broaden the range of applications.”>>’ In 2020, the COVID-19
outbreak greatly accelerated the development of bioaerosol
photocatalytic inactivation.*®*® From 2020 to the present, a
lot of novel and high-efficient photocatalytic materials have
emerged due to the boom in nanotechnology.®®"®> Mxenes,*?
metal-organic frameworks (MOFs),** photocatalytic dyes,® and
metallic oxides®® are four major types of photocatalysts that
have been recently investigated for bioaerosol inactivation.
Among them, a special type of bio-inspired photocatalyst has
attracted attention; it mimics the structure and morphology of
natural plants and animals to improve its bioaerosol photo-
catalytic inactivation properties.

Studies on classifications, emissions, and health effects of
bioaerosols have increased recently.”~*® However, the available
studies have not comprehensively summarized and presented
the state of bioaerosol photocatalytic inactivation. This paper
reviews the recent advances in the design of efficient photo-
catalysts, classifications of light sources, photocatalyst carriers

© 2024 The Author(s). Published by the Royal Society of Chemistry
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and reactors, applications of photocatalysts and the perfor-
mance evaluations for bioaerosol inactivation. A comprehensive
comparison and discussion of different types of photocatalysts
have been presented and this review may be expected to con-
tribute to a better understanding of the development and the
achievement of high-efficiency bioaerosol control technologies.

2. Photocatalytic technologies for
bioaerosol inactivation

Photocatalysis can be defined as the acceleration of a chemical
reaction that occurs when a light source interacts with the surface
of the photocatalyst.”® Photocatalysis has been recognized as an
impressive green solution technology for applications in micro-
bial disinfection, and it has already been investigated compre-
hensively in water treatment.*>”"”> Nowadays, photocatalytic
inactivation is applied to bioaerosol inactivation and has been
proven to be systematically effective in deactivating a wide range
of organisms.”?

2.1 Photocatalyst materials

Semiconductor metal oxides or semiconductor photocatalysts
have exhibited a great photocatalytic performance and have
been investigated for a long period.'® Valdez-Castillo et al.
developed a perlite-supported ZnO/TiO, photocatalytic system
with 70% airborne fungal/bacterial inactivation efficiency.’® As
shown in Fig. 3a, TiO, nanoparticles with a size of ~20 nm can
be used as a functional material to decorate photo-reactors for
bioaerosol purification and inactivation.® Zacarias et al
reported TiO,-coated glass rings in a fixed-bed reactor for
photocatalytic inactivation of Bacillus subtilis vegetative cells,
achieving a reduction of more than 96% for 12 h.”* Vohra et al.
developed an Ag doped TiO, platform along with ultraviolet (UV-
A) light arrays for photocatalytic inactivation of airborne Bacillus
cereus bacterial spores in 8 h.*® After Ag doping, Ag could act as
an intermediate agent to enhance the electron-hole separation
efficiency of TiO,, yielding high inactivation efficiency. Lately,
Wang et al. constructed in situ grown NiFeOOH nanosheets on
nickel foam for bioaerosol inactivation within 8.07 s under UV

© 2024 The Author(s). Published by the Royal Society of Chemistry
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irradiation.”> These novel bimetallic oxyhydroxide NiFeOOH
sheets with sharp edges (Fig. 3b) show excellent photocatalytic
performance on adding trace O; and this combination pos-
sesses great potential for bioaerosol inactivation. In addition,
the sheet shape of the photocatalyst can also cause physical
damage to the bioaerosol apart from photocatalytic oxidation.
Semiconductor metal oxides and their composites usually uti-
lize high-energy light for photocatalysis and their electron-hole
pairs are easily recombined. As semiconductor metal oxides are
known for their chemical and humidity stability with high
photocatalytic activity, they show great potential for bioaerosol
control and have been extensively investigated in the photo-
catalytic inactivation of bioaerosols.

With the development of synthesis and design of photocatalytic
materials, many novel materials have been applied to bioaerosol
photocatalytic inactivation. A new family of two-dimensional early
transition metal carbides and/or nitrides (MXenes) has attracted

200 000x 300 nm

Fig. 3 Morphology of photocatalysts for bioaerosol inactivation. (a) TiO,
nanoparticles,® Reproduced with permission. Copyright 2019, Elsevier. (b)
NiFeOOH nanosheets,”> Reproduced with permission. Copyright 2023,
Elsevier. (c) MXene,®® Reproduced with permission. Copyright 2021, Else-
vier. (d) MOF (ZIF-8),%® Reproduced with permission. Copyright 2022,
Elsevier.
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intensive interest since their synthesis.”® The most studied
nanosheet among MXenes is Ti;C,T, (T = OH, F or 0).”” Density
functional theory (DFT) calculations predict that Ti;C,T, exhibits
metallic conductivity, which is favorable for electron-hole separa-
tion and charge transfer, indicating better photocatalytic
performance.”® As shown in Fig. 3c, with the special structure of
few layered or monolayered nanosheets, MXene may effectively
improve the photocatalytic performance.®®”® Lu et al. reported a
TiO,/Ti3C, T, nanosheet-loaded polyurethane foam in a continuous
flow-through reactor, which decreased airborne Escherichia coli by
an order of 3.4-log under ultraviolet irradiation.”® Recently, the
same group designed a dynamic continuous flow photocatalytic
reactor containing TiO,/MXene fillers to study the inactivation
characteristics of four different microorganisms when subjected
to ultraviolet and photocatalytic treatment.*® An appropriate resi-
dence time (4.3 s) can prove to be efficient in treating airborne
microorganisms with higher concentration (10° CFU m™?). How-
ever, high relative humidity and hard-to-peel layers will inhibit the
performance of MXenes.

Metal-organic frameworks (MOFs) are hybrid organic-inorganic
porous crystalline nanomaterials that have attracted great attention
in environmental remediation due to their crystalline nanoporous
(<2 nm) or mesoporous (2-50 nm) structure, extremely high sur-
face area, and significant chemical diversity.””*° They have been
vigorously investigated in the field of gas storage, separation,
and catalysis.*”®" The large surface area, high porosity, well-
dispersed active centers, and tunable functionalities of MOFs
make them good candidates not only for volatile organic
pollutants purification®” but also as promising heterogeneous
photocatalysts for bioaerosol oxidation.”***%* As shown in Fig. 3d,
Ni et al. prepared MOF(ZIF-8) particles and presented an air filter
composed of keratin-based nanofibers as an upper layer and ZIF-8-
modified polyethylene terephthalate/polyethylene fiber mats as the
substrate for bacterial inactivation.®® Li et al prepared a zinc-
imidazolate MOF (ZIF-8) with photocatalytic bactericidal proper-
ties. Specifically, ZIF-8 exhibits >99.99% photocatalytic killing
efficiency against airborne bacteria in 30 min.®* Zhu et al. reported
the UiO-66-NH,/poly[2-(dimethyl decyl ammonium) ethyl metha-
crylate] composite (UiO-PQDMAEMA) filter, which demonstrates
an excellent capability of efficiently killing both Gram-positive
(Staphylococcus epidermidis) and Gram-negative (E. coli) airborne
bacteria.®® Zhang et al. prepared a MOF (CAU1-OH) that exhibits a
desired working range (40-60% RH), a high working capacity
(0.41 ¢ g "), an excellent cycle performance (500 cycles), and a
high photocatalytic killing efficiency (99.94%) against airborne
E. coli.®*® MOFs are burgeoning materials for bioaerosol photo-
catalytic inactivation, although their chemical and humidity
stability are not good enough for long-term services.®”

A photosensitizer (PS), also called a photocatalytic dye,
absorbs a photon of light (with a wavelength that matches
the absorption band of the dye), leading to the excitation of the
dye.®® PSs could generate biocidal reactive oxygen species (ROS)
in polymers under light exposure, and the ROS could damage
protein, DNA, and lipid of microorganisms, resulting in rapid
inactivation.®® Benzophenone, anthraquinone, and xanthene
derivatives are representative photoactive compounds and have

142 | EES Catal, 2024, 2,138-156
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been applied in polymers and fabrics to provide rapid anti-
bacterial functions with acceptable washability and photo-
stability.®>°® Tang et al. employed anionic photosensitizers
(rose Bengal and sodium 2-anthraquinone sulfate) on cotton
fibers through strong electrostatic interaction, producing bio-
cidal ROSs under light exposure and consequently providing
photo-induced biocidal functions. The treated fibers achieved a
99.9999% (6 log) reduction in bacteria and bacteriophage levels
within 60 min of daylight exposure.®® Heo et al. introduced a
visible-light-activated antimicrobial fiber mat functionalized
with TiO,-crystal violet nanocomposites, exhibiting a potent
inactivation rate of ~99.98% against various bioaerosols.”* The
dyed fibers can be applied to facemasks with bioaerosol photo-
catalytic inactivation to avoid secondary bioaerosol contamination.
Photocatalytic dyes are easily modifiable and can be combined
with various substrates and have no substrate selectivity, but they
have relatively short wavelength excitation light and poor chemical
stability.”

The photocatalytic oxidation process for bioaerosol inactiva-
tion is defined by the generation of electrons and holes through
the irradiation of a photocatalyst with light. Electron transfer can
lead to the production of superoxide radicals (*O,”) and then
hydroxyl radicals (*OH), and also involves energy transfer to
produce excited state singlet oxygen (0,). Both *OH and 'O,
are highly ROSs that can damage nearly all types of biomolecules
(proteins, lipids and nucleic acids) and kill cells.”>** As shown in
Fig. 4a-d, photocatalysts including MOFs, metal oxides and their
compounds, photosensitizers (dyes) and MXenes generate highly
active ROSs in air to attack microbes, destroying the microbial
structure and their genetic material.>* During the photocatalytic
inactivation process, it is usually necessary for bioaerosols to
come in contact with the photocatalysts as ROSs cannot be
remotely transported.””

The bandgaps of some typical semiconductors are shown in
Fig. 5a. It is well known that the potential of *OH is +2.38 V
(*OH/H,0 = +2.38 V vs. NHE) and *O,” is —0.33 V. TiO, only
absorbs ultraviolet light, owing to its large bandgap of 3.2 eV.
As the conduction band of photocatalysts is higher than the
potential of *OH, while the valence band is lower than the
potential of *O,”, they can produce ROSs under UV light
(Fig. 5b). In order to utilize visible light, the combination and
doping strategies are applied to the photocatalysts. As shown in
Fig. 5¢ and d, both Ag and CuO in metal-doped TiO, photo-
catalysts could act as intermediate agents to enhance the
electron-hole separation efficiency of TiO,.

2.2 Bio-inspired photocatalysts for bioaerosol control

Interestingly, bio-inspired photocatalysts have recently emerged
as bioaerosol control methods; these photocatalysts are based
on mimicking the nanostructure, chemical composition and
morphology found in animals and plants in nature.”®°” Nature
has wisdom to solve problems, like enemy defense, food hunt-
ing, environment adaptation, effective movement and so
on.”®% Researchers found that the cicada and dragonfly wings
show excellent bactericidal properties towards some bacterial
strains due to the special nano-scale structure of spike-like

© 2024 The Author(s). Published by the Royal Society of Chemistry
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arrays. Some researchers have employed this method to fabri-
cate homogeneous structures on photocatalysts to create micro-
patterned arrays, as well as to test the influence of surface
modification on bacterial adhesion in photocatalysts.'°® Recently,
Wang et al. drew inspiration from dragonfly wings, which can
inhibit, damage, and even cause the death of bacteria due to their
sharp nanostructures (Fig. 6a), to introduce the concept of
physical destruction caused by nanostructures into a photocata-
lytic oxidation (PCO) system.”> The NiFeOOH nanosheet photo-
catalyst (Fig. 6b) not only offers physical destruction to destroy
bacterial cell membranes, but also generates ROSs to oxidize the
cell membrane. By mimicking the dragonfly wings, the NiFeOOH
nanosheet photocatalyst promotes the injection of light-induced
ROSs into cells, leading to fast and irreversible inactivation of
airborne bacteria (Fig. 6¢). Therefore, the inactivation efficiency
of the PCO system was obviously improved by mimicking the
structure of the dragonfly wings.

© 2024 The Author(s). Published by the Royal Society of Chemistry

On the other hand, natural animals and plants have many
smart ways to adapt to the environment. Mussels possess
excellent wet adhesions to the stones as they have to adapt to
strong waves in the sea.’®" In 2007, Messersmith et al. first
reported that dopamine molecules secreted by mussels can self-
assemble and adhere to any surface through intermolecular
and intramolecular self-polymerization, forming polydopamine
(PDA) membranes.'”” The active groups on PDA membranes,
such as the catechol group, phenolic hydroxyl group, amino
group, and aldehyde group, possess an affinity to biological
molecules and can form hydrogen bonds and chemical bonds
with biological molecules (shown in Fig. 6d).'**"'%* Therefore,
by mimicking mussels adhered to stones, PDA has potential
applications in the ‘“‘adhesive capture” of biological contami-
nants in bioaerosols. Peng et al. reported a non-size-dependent
bifunctional nickel foam filter (g-C3;N,/TiO,(CT)/Ni-PDA/Ni
bifunctional filter) with two layers of coupling nickel foams
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Fig. 6 Bio-inspired materials for bioaerosol control. (a) Inspired by the wings of dragonfly, (b) SEM image of the NiFeOOH nanosheets on nickel foam,
and (c) mechanisms,”® reproduced with permission. Copyright 2023, Elsevier. (d) Inspired by the secretion of mussels, (e) SEM image of the polydopamine
modified nickel foam, and (f) mechanisms.°> Reproduced with permission. Copyright 2023, Elsevier. (g) Inspired by spider silk, (h) SEM image of the
artificial spider silk photocatalyst, and (i) mechanisms.!'! Reproduced with permission. Copyright 2023, Nature Publishing Group.

deposited by CT and PDA, respectively.'® The bio-affinity of the
nickel foam modified by PDA (Fig. 6e) was improved, thus
significantly increasing the efficiency of bioaerosol capture
despite the pore size (~200 pm) of nickel foam being much
bigger than the size of bioaerosols (~1.5 pum). They used
an atomic force microscope to test the adhesive forces of
PDA-modified nickel foam, and discovered that adhesive force
was improved by two times after PDA modification. They
proposed that the bifunctional capabilities of bioaerosol cap-
ture and inactivation in the filter arise from the top CT/Ni layer
of the CT/Ni-PDA/Ni filter, which generates and transports
ROSs to downstream, while the bottom bio-affinity PDA/Ni
layer of the CT/Ni-PDA/Ni filter capture the microorganisms
in the air (Fig. 6f). The high efficiencies for bioaerosol capture
and inactivation by the non-size dependent filter were achieved
through inspiration drawn from mussel secretions.

In nature, spider silk can actively capture tiny dust particles
and microdroplets from air; the microdroplet coalesces to form
larger droplets, which concentrate small dust particles and
moisture on the spider silk.'% Jiang et al. reported that the
water-collecting capacity of cribellate spider capture silk is the
result of a unique fiber structure that consists of periodic spindle
knots separated by joints (Fig. 6g)."”'°® By mimicking this
special fiber structure, many researchers have developed artificial
spider silk (ASS) for water collection from the air in arid
regions.'” It can be considered that airborne microorganisms
mainly exist in water microdroplets, particle matter, and aggrega-
tions that are dispersed in air.'® Recently, Peng et al have
designed a bioinspired ASS photocatalyst, consisting of a periodic
spindle structure of TiO, on nylon fibers (Fig. 6h) that can
efficiently capture and concentrate airborne bacteria, followed
by photocatalytic inactivation in situ.""* As shown in Fig. 6i, the
capture capacity of the ASS photocatalyst can be mainly attrib-
uted to the synergistic effects of hydrophilicity, Laplace pressure
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differences caused by the size of the spindle knots and surface
energy gradients induced by surface roughness. The captured
microdroplets are quickly concentrated onto the spindle knots,
leaving the joints as capture sites for continuous bioaerosol
capture. The bacteria captured by the ASS photocatalyst are
inactivated through photocatalysis within droplets or at air/
photocatalyst interfaces. Therefore, the ASS photocatalyst could
realize a higher bioaerosol capture and inactivation efficiency.

2.3 Other technologies combined with photocatalytic
inactivation

As airborne pathogenic microorganisms are dispersed and diluted
in bioaerosols, other technologies can be combined with photo-
catalysis to improve inactivation efficiency and to shorten the
process time. The combination technologies have been extensively
applied for water disinfection, while their application in bioaerosol
control is rare, presented in Fig. 7. O; is an efficient air disin-
fectant, while high concentration of it is harmful to humans.
However, by combining O; with photocatalytic technology,
the concentration of Oz can be largely reduced. As reported by

@

Anti-bacteria
materials /0

Fig. 7 Combination of photocatalytic inactivation with other technologies.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Wang et al,,” in a single photocatalytic reaction system, ROSs are
generated through a H,0,-mediated three-electron-reduction
route, resulting in a relatively low yield of ROSs, yet for the
photocatalyst-O; system, ROSs can also be generated through an
additional *O; -mediated one-electron-reduction pathway.'*>
Moreover, O; (E(O;) = 2.07 V vs. NHE) possesses a higher oxidation
potential compared to O, (E(O,) = 1.23 V vs. NHE), making it
thermodynamically easier for O; to capture photogenerated elec-
trons in this process.™® Therefore, trace O; significantly improves
the ROS generation in the PCO system, resulting in highly-efficient
inactivation performance.

Photocatalytic inactivation can also be combined with thermal
treatment for irreversible mineralization of bioaerosols. At present,
thermal-photocatalytic inactivation technology is used for water
disinfection. The MoO;_,-tGO composites with a synergistic
photothermal and photocatalytic performance were prepared by
the solid-phase microwave thermal shock method."** The super-
hot spots created on the surface of microwave-reduced rGO induce
the formation of MoO;_, with oxygen vacancies. Due to the
localized surface plasmon resonance effect, the near-infrared
photothermal and photocatalytic properties of MoO;_,-tGO
catalysts are greatly improved. The generated holes on photo-
catalysts could directly inactivate bacteria or be captured by H,O
to form hydroxyl radicals with deadly effects on bacteria."*®

Microwave irradiation has been used for bioaerosol inactiva-
tion through various mechanisms including thermal effects,
disruption of weak bonds in active protein forms, enhanced
production of reactive oxygen species, and cell-signaling path-
way interference as bioaerosols can absorb microwaves.''®™*8
Wu et al. investigated the survival of bioaerosols on exposure to
microwave irradiation (2450 MHz) for 2 min at different output
powers (700, 385 and 119 W). The survival rates of airborne B.
subtilis var. niger spores were shown to be about 35%, 44% and
35% when exposed to microwave irradiation for only 1.5 min
with high, medium and low power applied, respectively (p-value =
0.37).""° The results indicate that microwave irradiation can be
used to develop a quick microwave-based air sterilization technol-
ogy, which may show better performance than water disinfection
due to lower heat loss. Therefore, the combination of microwave
and photocatalytic inactivation may overcome the shortcoming of
the long process time of photocatalytic inactivation. However, the
combination of the photocatalytic inactivation and microwave
irradiation has not been reported so far.

Moreover, the photocatalytic inactivation technology is cap-
able of inactivating bioaerosol under light irradiation, while in
dark, there is no ROS generation and the function of photo-
catalytic inactivation fails; thus the combination of anti-
bacterial materials provides the bactericidal capability in dark.
Tang et al. reported that the nanopillar array of ZnO/Au on
polydimethylsiloxane (PDMS-ZnO/Au) exhibited two-fold bac-
tericidal activity. The obtained PDMS-ZnO/Au surface demon-
strates physical antibacterial performance, resulting in a killing
rate of 65.5% in dark. Furthermore, the surface effectively
inactivates bacteria under visible light irradiation, yielding a
lethality >99.9% in 30 min. The advantages of a high lethality
rate and short action time are conferred upon PDMS-ZnO/Au

© 2024 The Author(s). Published by the Royal Society of Chemistry
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through a two-fold antibacterial action that combines enhanced
photocatalysis resulting from the introduction of Au nano-
particles and the mechanical properties of a biomimetic
nanostructure.'® The nanopillar arrays of ZnO enable physical
bacteria killing both in dark and under light exposure. The
incorporation of Au nanoparticles can extend the light absorp-
tion range and improve photocatalytic activities due to localized
surface plasmon resonance (LSPR).

2.4 The recycling ability of the photocatalysts

Air disinfection is a continuous process as the emission of
bioaerosols continues as long as when people are present.
Therefore, the recycling ability of the photocatalyst should be
considered for long-term service. Traditional methods of regen-
eration of the air filter are back-blowing, pulse-blowing, mechan-
ical shaking, heating, solution washing and hydrophobic
modification. However, the recycling ability of the photocatalysts
are rarely investigated. The inactivation efficiency of the photo-
catalysts declines due to light blocking caused by the coverage of
microbes. Therefore, the washing and heating process may be the
preferred methods for recycling of photocatalysts. The heating
method is suitable for thermally stable photocatalysts and car-
riers as it can remove the microbes completely. Therefore, some
organic photocatalysts and carriers cannot withstand the harsh
treatment conditions for recycling. On the other hand, washing is
a mild method for recycling, but it can lead to the removal of
static electricity and photocatalysts from the materials, resulting
in poor removal and inactivation efficiency of bioaerosols after
recycling.

3. The photocatalyst carriers and
assembled photocatalytic reactors

Photocatalysts are usually in the nano- or micro-sized powdered
form and cannot be directly used in bioaerosol inactivation like
in water disinfection through dispersion. Porous materials are
used as carriers to support photocatalysts, and then assembled
in photocatalytic reactors or loaded on the other substrates for
practical uses.

3.1 The carriers of photocatalysts

In order to adapt to the practical uses of bioaerosol photo-
catalytic inactivation, photocatalysts are usually loaded on the
carriers or substrates, exposing their surfaces to the light
source.®® There are majorly four structural types of carriers as
shown in Fig. 8, namely, porous structures, meshes, packed beads
and fibrous membranes. Good support and mechanical properties
are essentially required for porous structures with large porosity
due to high air velocity in air purification systems.'*"
Self-supporting metallic and polymeric porous materials are
chosen as carriers of photocatalysts for bioaerosol coarse
filters. Porous nickel foam with a hole size of 200-300 um”>
and polyurethane sponge with a pore diameter of 30 pores per
inch are currently being investigated.*®>"*"*?> photocatalysts
are loaded on the surface of the skeletons exposed to light
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Fig. 8 The structures of photocatalyst carriers.

irradiation. In order to enhance the interaction between the
photocatalysts and the bioaerosols, porous materials with large
thicknesses are applied in the photo-reactor.”® The size of these
porous structures is usually much bigger than that of bioaerosols,
which facilitates low-pressure drop and light penetration.'** How-
ever, upon being captured by three-dimensional porous materials,
microorganisms usually enter the pores of these materials due to
weak interactions between the microorganisms and materials.
Light penetration is inhibited in the deep pores of materials; thus,
photocatalytic inactivation efficiency decreases.

Metallic meshes are frequently used in commercial air puri-
fiers as coarse filters.**?*'>* As photocatalysts carriers, stainless
meshes were coated with ZnO photocatalysts through the paint-
ing method for bioaerosol photocatalytic inactivation.'® The
pore size of two-dimensional-sheet meshes is even larger than
500 pm, allowing light transmission and avoiding blockage.'*®
The drawback of the mesh carrier is that the thin thickness of the
mesh reduces the interaction between the bioaerosols and photo-
catalysts, yielding low inactivation efficiency.

Millimetre beads modified with photocatalysts can be packed
in the photoreactor as carriers for bioaerosol inactivation. Hydro-
gel beads,'”” ceramic beads'*®'*® and glass beads®>**
rently modified with photocatalysts and applied to a continuous
flow reactor. Photocatalysts are modified on/in the beads through
surface coating, mixing and painting.”* Air streams pass through
the gaps between the beads, while airborne microorganisms are
intercepted by beads for photocatalytic inactivation.>® Smaller-
sized beads lead to lower porosity in the reactor due to dense
packing. Photocatalyst-modified beads can be easily prepared for
mass production. At the same time, they have the advantage of
easy replacement. However, large pressure-drop, low light pene-
tration, and easy blocking limit their application.

Last but not the least, fibrous membranes as a carrier of
photocatalysts have been intensively investigated. Fibers with
diameters in the nanometre or micrometre range, like poly-
propylene (PP), polyethylene (PE), polyester (PET), polyamide
(PA) and polyacrylonitrile (PAN), are commonly used as non-
woven fibrous mats."*®'*! Photocatalysts can be loaded on
nonwoven fabrics by spray coating,”" hot-press approaches,®*
dip coating,®**®> dyeing processes®® and electrospinning.®®'*?
Fibrous membranes as photocatalyst carriers can be used as

are cur-
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facemasks, clothes, and filters for bioaerosol photocatalytic
inactivation, possessing advantages of big surface area, easy
preparation, high porosity, flexibility, low pressure-drop and
high efficiency.®*®>°! At the same time, they also have short-
comings such as lack of self-support, poor fastness, and
susceptibility to blocking."**"**

The types, loading methods, carriers and removal efficiency
of photocatalysts in various photocatalytic inactivation systems
are summarized in Table 1. It can be seen that the fibrous
carriers generally offer higher removal efficiency for bioaerosols
compared to the beads. However, the evaluations of removal
efficiency are different, and the results are cursory.

In addition, the bioaerosol photocatalytic inactivation effi-
ciency varies when dealing with different types of bioaerosols.
Gram-negative bacteria show better tolerance to photocatalytic
ROSs than Gram-positive bacteria because they have a complex
cell wall and an additional outer membrane composed of
lipopolysaccharides, which protect them from the attack of
ROSs to a certain extent.?? Therefore, microbes with different
chemical structures show different levels of resistance to photo-
catalytic inactivation.

3.2 The reactors of photocatalyst

The photocatalysts were usually loaded in a photocatalytic
reactor for bioaerosol inactivation. As shown in Fig. 9, there
are usually four types of reactors including fixed bed, array,
fluidized bed and cyclone, which have their origins in indus-
trial dust removal reactors. The photocatalysts are first loaded
on the carriers and then assembled in the reactors, equipped
with light sources. The diagram of a fixed bed reactor is shown
in Fig. 9a; the photocatalysts are assembled at the middle of the
reactor, perpendicular to the direction of the inlet air flow. The
bioaerosols pass through the photocatalysts, where they are
intercepted by the photocatalysts and inactivated. In this
situation, the airflow has to pass through the porous photo-
catalyst carriers, leading to high removal efficiency but high
pressure-drop and easy blocking. In the array type reactor as
shown in Fig. 9b, several photocatalytic carriers are assembled
in parallel along the direction of the inlet air flow. The
bioaerosols go along with the photocatalytic carriers, yielding
low pressure-drop and long contact distance. However, as the
bioaerosol does not pass through the photocatalysts, removal
efficiency of this kind of reactor is relatively low. A fluidized bed
reactor (Fig. 9c) is a kind of reactor where the inlet direction of
bioaerosols is opposite to the gravity direction. The photocata-
lysts are loosely suspended and move along with the air flow in
the reactor. In this reactor, bioaerosols can come in full contact
with the photocatalysts. The photocatalysts are blown by the air
flow and fall down due to gravity. The light utilization of this
reactor is insufficient as the light cannot penetrate deep into
photocatalysts. The pressure-drop and removal efficiency are
dependent on the amount of photocatalysts. The cyclone
type reactor is based on centrifugal forces for separating the
airborne microorganisms from the airflow (Fig. 9d). The bio-
aerosols go along with the helical track and may deposit on the
photocatalyst. In this situation, the airflow is also parallel to the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Assembled photocatalytic reactors of photocatalysts. (a) Fixed bed, (b) array, (c) fluidized bed, and (d) cyclone.

plane of the photocatalysts, yielding relatively low pressure-
drop and removal efficiency.

3.3 The light sources of photocatalysts

The light sources assembled in photocatalytic reactors are varied
due to different photocatalyst loadings, yielding different light
utilizations. As shown in Fig. 10, the light sources can be placed on
the top, side and at the middle of the reactor, as well as in arrays
and annular types. The light sources placed on the top, side and
middle of the reactor are usually found in relatively simple
photocatalytic inactivation systems. The photocatalysts are irra-
diated in a single plane, which is suitable for fixed bed reactors
where bioaerosols pass through the photocatalysts. Their disad-
vantages are uneven illumination and low light intensity. On the
other hand, array and annular assembled light sources can provide
multi-angle irradiation to photocatalysts and are found in relatively
complicated and energy consuming reactors like arrays and
cyclone types for sufficient, uniform, and multi-angle irradiation.

The removal efficiency, light source position and reaction
time of reactors in photocatalytic inactivation systems are
summarized in Table 2. The structure of the reactor,
light positions and the microorganisms as well as the
reaction times are varied in different studies. The reaction time

(a) Top (b) Side

Low pressure-drop
High air volume

High air volume

Uneven illumination
Low light intensity
Low removal efficiency

Uneven contact

(b) Middle

Long light irradiation

Low light intensity

of photocatalytic inactivation ranges from seconds to hours as
different performance evaluations.

The wavelengths of light sources are usually dependent on
the photocatalysts. The photocatalysts that respond to UV light,
like TiO,, ZnO, NiFeOOH and so on>>'®® are shown in Fig. 11a.
The reactor is made of quartz which is transparent to UV light if
the light source is placed outside of the reactor, thus reducing
the light loss. UV photons are quite high in energy,'® and
photocatalysts can be easily excited by the UV light, generating
ROSs for bioaerosol inactivation. Direct irradiation with UV
light, however, results in substantial photodecomposition of
the carriers and is harmful to humans. Visible light is a
potential candidate for photocatalytic inactivation technology
as presented in Fig. 11b. The use of visible light which is most
strongly emitted in the solar spectrum in photocatalytic inacti-
vation is challenging because visible light photons possess
relatively low energy to excite photocatalysts, leading to lower
ROSs generation. Therefore, these kinds of photocatalysts
utilize UV and visible light at the same time, including TiO,/
CdS, TiO,/Cu0,°® g-C3N,/Ti0,,'*® and dyes.”*

Indeed, infrared light occupies the largest proportion in the
solar spectrum, and the absorption of near-infrared light can
also excite the photocatalyst for bacterial inactivation in water,

(d) Annual

Low pressure-drop
High light intensity

(d) Array

High light intensity
Long light irradiation

Energy consuming
Complex equipment

Complex equipment

Fig. 10 The assembled light sources in the reactor: (a) top, (b) side, (c) middle, (d) array and (e) annular.
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Table 2 Light source position, removal efficiency and reaction time of reactors in photocatalytic inactivation systems

Light source position Microorganism Reaction time Removal efficiency (%) Ref.
Top Bacteria 48 h 96.48 159
E. coli 4h 100 137

E. coli K-12 8.07 s 99.99 75
Microorganism 300 min 100 163
Bacteria 48 h 96.48 159

Side Bacteria, fungi, viruses 2 min 100 50
Bacterial, and fugal 43s 83.6 164
H1N1 virus 7 min 99.999 145
Middle Various bacteria and fungi 8h 77 138
Bacteria, fungi 5.7 s 77 151
E. coli 4.27 s 99.96 160
Multiple E. coli 4.27 s 99.99 161
Various bacteria and fungi 0.3 min 98 149
E. coli K-12 1.1 min 100 142
E. coli — 97.7 147
L. pneumophila 1.5s 90 148

MS2 bacteriophage 0.125 s 100 52
L. pneumophila — 94 136
Array Bacteria 6s 99.9 165
E. coli 1h 87.80 152
T2 bacteriophage 60 min 99.9 143
E. coli 1h 100 157
B. subtilis var. niger 0.21s 93.1 166
Enterococcus faecalis, bursal disease virus 1h 99.7 167
E. coli, P. aeruginosa, K. pneumoniae, L. pneumophila, MRSA 24 h 99.9 146
H1N1 virus 5 min 100 144
Annular B. subtilis (vegetative cells and spores) 60 min 100 135
E. coli, B. subtilis, microbacillus 3.57 min 100 140
(a) photothermal inactivation of E. coli (Fig. 11c). Oxygen vacancies
- (s Exhaust and carbon coating cause WO;_,/C strong absorption in the
Q T HEPA wv infrared region and enhance the carrier separation efficiency,
Al mFc L. “ Photocatalyst leading to complete inactivation of E. coli under infrared light
Bioaerosols generator | li;I - —— within 40 min. However, infrared used in bioaerosol inactivation
has not been reported yet, while it may show potential as it is

(b) abundant and safe for humans.

Diffusion

. Sc %
$4e 57 o0
gl %,
-

< <

Fig. 11 The wavelength utilized by photocatalysts. (a) UV,”® reproduced
with permission. Copyright 2023, Elsevier. (b) Visible light,'°® reproduced
with permission. Copyright 2023, Elsevier. (c) Infrared,*”* Reproduced with
permission. Copyright 2020, American Chemical Society.

so it is of great significance to utilize infrared light for bioaerosol
inactivation.'”® Zhang et al.'”" reported tungsten trioxide with
coexisting oxygen vacancies and carbon coating (WO;_,/C) for

© 2024 The Author(s). Published by the Royal Society of Chemistry

The wavelength and intensity of light sources in photocata-
Iytic inactivation systems are summarized in Table 3. It can be
seen that UV light is the most used radiation in photocatalytic
inactivation with relatively low power. Visible light and simu-
lated sunlight are less studied, while infrared has never been
reported in photocatalytic inactivation of bioaerosols.

4. Practical applications and
performance evaluation

Photocatalysts loaded on different carriers and assembled in
different photocatalytic reactors can be applied to different
applications for bioaerosol inactivation. As shown in Fig. 12,
photocatalysts can be applied to air cleaners, windows, walls,
facemasks, and clothes for bioaerosol inactivation by using
solar and artificial lights.*®°"%>74 The photocatalytic technology
can inactivate the bioaerosols when human activity is present,
and airborne microorganisms are continuously produced.’**
Photocatalysts loaded on porous structures, meshes and packed
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Table 3 The wavelength and intensity of light sources in photocatalytic inactivation systems
Removal
Light intensity efficiency
Light source Power (mW-cm™?) Microorganism (%) Ref.
UVA 6 W x 19 Inner side: 3.43; B. subtilis 100 135
outer side: 1.89
8W x 2 1.82-6.28 E. coli, B. subtilis, microbacillus 100 140
14 W X 6 10 Bacteria, fungi, viruses 100 50
14 W x 43 5 B. cereus spores 97.89 155
36 W x5 4.85 £ 0.09 Various of bacteria and fungi 77 138
8W x 2 0.5-3.4 E. coli K-12 100 142
— 1 H1N1 virus 100 144
— 0.25 E. coli, P. aeruginosa, K. pneumoniae, 99.9 146
L. pneumophila, MRSA
UvC — 1.8 S. aureus 99.98 172
18 W, 35 W 0.06-0.105 Various pathogenic bacteria and viruses 99.99 173
11 W x 2 12.8 E. faecalis, bursal disease virus 99.7 167
uvC 15 W 10 E. coli 99.96 160
UVA 8 W 10 E. coli 99.68
uvC 6 W 1.4 £+ 0.09 S. epidermidis, B. subtilis, A. niger, 87 139
UVA 6 W 2.2 £ 0.06 Penicillium citrinum 73
vuv 0.5-11 W — MS2 bacteriophage 100 52
UV (185 + 254 nm) 55 W X 2 0r 80 W x 2 0.2 B. subtilis var. niger 93.1 166
UV-LED (392 nm) 0.0097 W x 56 11.7 £ 2.0 T2 bacteriophage 99.9 143
UV-LED (375 nm) 2W x 12 — H1N1 virus 99.999 145
UV-LED (365 nm) 20 W — E. coli K-12 99.99 75
UVA (365 nm) — 12 E. coli K-12 99.99 111
UV (185-254 nm) — — Bacteria and fungi 83.6 164
UVA (365 nm) and UVC (254 nm) 8 W/16 W/23 W 40.5/92.2/66.8/ Multiple E. coli 99.99 161
88.6/135.3
Blue-LED (430-505 nm) (30 mA, 3.6 V) x 60 — E. coli, S. aureus 100 157
UV-LED (380-420 nm) (500-700 mA, 3.2-3.6 V) x 6
Blue-LED (420 nm) 6.8 W x 85 — Bacteria 99.9 165
Visible light (405 nm) 7W — Bacteria 96.48 159
Visible light 20 W x 4 25 E. coli 87.80 152
20W X 4 25 E. coli, S. aureus 94.46 156
Simulated sunlight (300-1100 nm) 300 W 100 E. coli 99.99 64
Visible light 400 E. coli K-12 93.5 105
Sunlight — 18-21 S. epidermidis 99.98 91
short time.”> Windows, walls, facemasks, and clothes fail to
provide power for bioaerosol flow, resulting in the passive deposi-
Applications: tion of airborne microorganisms on their surfaces. Their treatment
: x::éi‘we' capacity is limited but can still effectively prevent bioaerosol
* Wwall secondary contaminations.
:27;;:““" Wide-range applications of bioaerosol photocatalytic inacti-

o

% 8

Fig. 12 Applications of photocatalysts in bioaerosol control.

beads are more frequently applied to air cleaners with high
treatment capacity for large volume of air that can be efficiently
treated per minute. The air cleaner with photocatalytic inactivation
technology is able to handle high concentration of bioaerosols in a

150 | EES Catal, 2024, 2,138-156

vation led to various performance evaluation methods, which
can be classified into performance evaluations of bioaerosol
capture and inactivation. For evaluating the bioaerosol capture
performance of the filter, the goal is to evaluate the number of
airborne microorganisms reduced in air by the filter treatment.
While for evaluating the bioaerosol inactivation performance of
the filter, the activity of airborne or captured microorganisms
was characterized.

There are two main ways to assess the bioaerosol capture
performance of the filter, including blowing and pumping
bioaerosol for separating airborne microorganisms from the
bioaerosol air flow (Fig. 13). In the former method, bioaerosols
are passed through the filter as shown in Fig. 13a for compar-
ing the number of airborne microorganisms of polluted room
(left) and clean room (right) to evaluate the bioaerosol capture
performance.®® In this method, the airborne microorganisms

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Performance evaluations of bioaerosol capture. (a) Bioaerosol
blowing,®* reproduced with permission. Copyright 2019, Nature Publish-
ing Group. (b) Bioaerosol pumping,®® reproduced with permission. Copy-
right 2022, Elsevier.

are injected and dispersed in the polluted room with a fan, and
a photocatalysts filter is placed between the polluted room and
the clean room. The airborne microorganisms of bioaerosols
are blown and trapped on the surface of the filter, clean air is
injected in the clean room. In this blowing mode, with the
increase in velocity of the blowing air flow rate, the capture
efficiency may be increased due to more airborne microorgan-
isms being trapped on the surface of the filter. However, the
high positive pressure in the clean room will hinder bioaerosols
from entering and depositing in the polluted room, resulting in
the capture of fewer airborne microorganisms by the filter and
higher efficiency of decreasing bioaerosols. Thus, the ratio of
the number of airborne microorganisms in the clean room to
that in the polluted room cannot reflect the actual capture
performance of the filter. This blowing mode is more suitable
for evaluating the capture performance of windows, walls and
other surfaces of the filter with low-pressure drop.

On the other hand, as shown in Fig. 13b, the bioaerosols
were continuously generated and pumped going through the
filter.*® By comparing the number of airborne microorganisms

Intermittent type

I
1
I
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I e

58 “Sample J
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i Photocatalytic
] inactivation
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with and without a filter to evaluate the capture performance of
the filter. In this method, the flow of bioaerosol generation and
pumping remains the same; thus the airborne microorganisms
are continuously generated and filtered. The exhaust of the
filtered air flow is collected directly using a bioaerosol sampler
at the outlet of the system.®® The airborne microorganisms may
deeply go into or penetrate the filter along with the air flow, and
intercepted by the filter and separated from the air flow. This
evaluation system mimics the situation of the human occupied
room with continuously production of bioaerosols, while the
air purifier continuously pumped and filtered the bioaerosols.
Due to the drag force of the air flow, the airborne microorgan-
isms penetrate the filter more easily compared to the blow
mode,'”* leading to the capture of fewer airborne microorgan-
isms by the filter and lower efficiency of decreasing bioaerosols.
In other words, it means that in this evaluation system, the
capture efficiency of the filter will decrease when the velocity of
air flow is increased. However, this pumping mode restricts the
air flow rate of filtration due to the limitation of the air flow rate
of the bioaerosol sampler. Too high or low velocity of the flow
rate may reduce the collection efficiency of the bioaerosol
sampler, resulting in lower capture efficiency of the filter. Thus,
this pumping mode is suitable for evaluating continuous
filtrations with a relatively slow air flow rate.

In the case of two evaluation modes of capture performance,
the evaluations of inactivation performance are correspond-
ingly classified into intermittent and continuous types (Fig. 14).
In the intermittent type, the evaluations of bioaerosols capture
and inactivation are separated.®* The sample filter is loaded
with microorganisms through spray loading and droplet load-
ing before being illuminated by the light source for a period of
time (Fig. 14a and b). By spraying airborne microorganisms on
the sample filter, the microorganisms are more dispersed and
with less water, which is close to the real bioaerosols. On the
contrast, the microorganisms are more concentrated by droplet
loading with large amount of water, yielding difficulty in
wetting hydrophobic surfaces.®>'”® In order to characterize
the inactivation efficiency, the microorganisms are eluted from
the sample filter for counting after photocatalysis. In this
situation, the microorganisms captured by the filter would be

Continuous type

(© ‘
b e o I

Filtering &
photocatalysis « |« *

Inhibition
® zone

Microbes
colonies

| I —— -] SRR RR RS b

Fig. 14 Performance evaluations of bioaerosol inactivation. (a) Spraying loading with following irradiation.®* Reproduced with permission. Copyright
2019, Nature Publishing Group. (b) Droplet loading with the following irradiation. (c) Filtering and photocatalysis. (d) Inhibition zone.**” Reproduced with

permission. Copyright 2019, Wiley-VCH GmbH.
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inactivated due to photocatalysis and dehydration.'’® The
microorganisms can be inactivated completely by prolonging
the irradiation time. Thus, the resulting photocatalytic inacti-
vation efficiency is high, usually reaching 99.9999%.°* This
method is more suitable to evaluate the photocatalytic inactiva-
tion efficiency of the facemask, membrane, wall, and clothes.

On the other hand, in the continuous type, the evaluations
of bioaerosols capture and inactivation are simultaneous. As
shown in Fig. 14c, in a continuous photocatalytic inactivation
system, the bioaerosols are filtered and inactivated by photo-
catalysis at the same time.”* Fresh airborne microorganisms
are consecutively trapped in the filter. Therefore, the inactivation
efficiency is not as high as the intermittent type if without
additional irradiation. The inactivation efficiency of this method
is related to the retention and filtration time. With prolonged
retention and filtration time, the interaction time between the
microorganisms and photocatalyst increases, leading to a rise in
inactivation efficiency. The bioaerosol inactivation system
should have a low airflow rate for a large mass transfer, which
contradicts the large volume of treatment capacity.'>® Therefore,
balance between inactivation efficiency and bioaerosol treatment
capacity should be considered. The other method shown in
Fig. 14d is inhibition zone under light irradiation."”” In this
situation, photocatalytic inactivation and growth of the micro-
organisms are going on at the same time; the microorganisms
near the photocatalysts are inactivated, and thus an inhibition
zone is formed around the photocatalysts. Actually, this method
cannot quantitatively reflect the inactivation efficiency of the
sample, which is a simple way to demonstrate the capability of
inactivation of the sample. In one word, this continuous type of
bioaerosol inactivation is suitable for evaluating the continuous
photocatalytic reaction system, obtaining a relatively low inacti-
vation efficiency.

5. Summary and perspective

Due to the global epidemic of COVID-19, there has been an
increased concern about airborne microorganisms, leading to
increased attention on bioaerosol inactivation as a means to
reduce human health risks. A variety of air cleaning technologies
have been developed and even applied to commercial products.
Meanwhile, bioaerosol photocatalytic inactivation technology has
been intensively investigated, owing to its high efficiency and
environmental friendliness. Therefore, the materials, carriers
and reactors, combination with other technologies, applications
and performance evaluations of photocatalytic inactivation tech-
nologies are summarized, which could provide specific under-
standings and directions for our research and practical
applications on bioaerosol inactivation.

By designing chemical structures, morphologies and com-
positions of metallic oxides, MOFs, MXenes, photosensitive dyes
and so on, advanced photocatalytic materials have been developed
and assembled for bioaerosol inactivation. In particular, bio-
inspired photocatalytic materials were recently designed to
improve the efficiency of photocatalytic inactivation by mimicking

152 | EES Catal., 2024, 2,138-156
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the morphology of dragonfly wings, the chemical composition of
mussels and the spindle structure of spider silk. The design of
photocatalyst carriers and photocatalytic reactors is also very
important, because they influence the interception of airborne
microorganisms with photocatalysts, light irradiation, and reten-
tion time. Porous structures, meshes, packed beads and fibrous
membranes are the majorly used photocatalytic carriers, with fixed
bed, array, fluidized bed and cyclone types of reactors. In addition,
the light sources can be assembled on the top, side, middle,
annular and array configurations in the reactors; meanwhile UV,
visible and infrared light can be used to excite photocatalysts for
generating ROSs. Based on the above designs, the photocatalysts
can not only be used in reactors for air disinfection, but can also be
applied in different practical fields, like air cleaners, clothes,
facemasks, walls and windows. However, due to the wide range
of applications of bioaerosol photocatalytic inactivation, the eva-
luations of capture and inactivation performance evaluations in
these systems vary, making it difficult to compare the performance
of the systems. Therefore, this review clarifies the full-chain of the
materials, carriers and reactors, applications and performance
evaluations of bioaerosol photocatalytic inactivation technology,
which may help in its development in the future study.

From what has been discussed in this review, we know that
the photocatalytic inactivation technology of bioaerosols has
been rapidly developed. The development of novel materials
and reactors with high photocatalytic performance is a key way
to enhance the bioaerosol inactivation, improve treating capa-
city and reduce energy consumption. This technology is young
and still growing; thus, still there are some aspects that should
be improved and need to be investigated further:

1. With an increase in research on nanomaterials, more and
more photocatalysts including quantum dots,"”” graphite carbon
nitride,'””® MOFs,”” covalent organic framework (COFs),"'*
Mxenes,"®"'®* and ZnIn,S,-based heterostructured photocatalysts
can be involved in photocatalytic inactivation. Currently, bio-affinity
and bio-inspired photocatalytic materials are a very promising
direction. Moreover, there is an urgent need to develop reusable
and renewable photocatalysts to address the issues of resource
waste, long-term services and environmental contamination.

2. The capture performance of the photocatalysts restricts
the inactivation performance due to limited interaction between
airborne microorganisms and photocatalysts. Light penetration
and mineralization of microorganisms also hinder the practical
application of bioaerosol photocatalytic inactivation. The photo-
catalyst carriers and reactors are necessarily improved to solve
the above problems. In addition, in the present state of the
study, UV light is the most commonly used light source, while
future research should dive into the utilization of visible and
infrared light for photocatalytic inactivation of bioaerosols.

3. The future research should consider the development of
coupling technologies with photocatalysts for quick bioaerosol
inactivation or even mineralization, like electrostatic filtration,
plasma, electroporation and air ionization to broaden the
applications of the photocatalytic inactivation technology.

4. As the applications of the photocatalytic inactivation are
varied, the performance evaluations are different from each
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other. In order to compare and accurately evaluate the bioaer-
osol capture and inactivation performance of the different
photocatalytic systems, unified and advanced performance
evaluations are also required.

From this review, it is clear that there are some creative
approaches for materials synthesis and structure design that
can boost the bioaerosol inactivation performance of photo-
catalytic systems. Researchers should analyze specific applica-
tions, and judge the dominant factor in photocatalytic
inactivation. With the advancements highlighted here and a
large number of ongoing research efforts in this area, photo-
catalytic inactivation technology will see a big breakthrough.
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