Introduction

Increasing concern about pandemics of disease-causing bacteria and viruses (e.g., swine

influenza H1N1 and severe acute respiratory syndrome coronavirus (SARS-CoV)) and overall
airborne pollution have attracted worldwide attention and spurred the development of air purification
technologies [1,2]. Environmental contamination is a complex and intriguing problem involving the
presence of contaminants in the form of particles (i.e., dust and smoke), biological agents, such as
bacteria, molds and viruses, and other gaseous contaminants such as CO, CO2, NOx, SOx and
volatile organic compounds (VOCs) [3].
Purification from contaminants can be achieved by means of disinfection or sterilization
processes. In more detail, disinfection describes a process that eliminates many or all potentially
pathogenic microorganisms, except bacterial spores, on inanimate objects. Instead, sterilization
describes a process that destroys or eliminates all forms of microbial life and is carried out in healthcare facilities by physical or chemical methods. Widely used air purification techniques for
disinfection include the treatment with non-thermal plasma (NTP), thermal treatment, use of
antimicrobial material-embedded filters, ultraviolet (UV) light, and photocatalysts [2–4]. In the NTP
air-cleaning systems, energetic electrons excite, dissociate, and then ionize gas molecules, giving
rise to chemically reactive species such as atomic oxygen, hydroxyl radicals, and ozone [4]. Such
active species inactivate biotic and abiotic particles, eventually forming secondary pollutants (e.g.,
ozone, CO, or NOx) [5]. In thermal treatment, exposure to high temperature induces protein
denaturation through disrupting the polypeptide structures, thus resulting in damage to
microorganisms [6]. However, it may consume much power to apply thermal energy at high
temperature [7]. Filtration systems, in which airborne biological particles are collected on the surface
of a filter, are great options to overcome the limitations of the aforementioned techniques.
However, these antimicrobial material-embedded filters are generally effective in the short-term
because of the accumulation of dust that progressively clogged them and cause a large pressure
drop, so that they must be replaced regularly to prevent the possible re-introduction of airborne
microorganisms into the environment all of a sudden [5].
Another approach to prevent the transmission of airborne-mediated disease relies on the
inactivation of airborne pathogens by means UV light 1 [8,9]. This is a cost-effective and
environmentally-compatible alternative to frequently used chemical processes. UV irradiation has
been found to consume little energy as compared to thermal treatments and can be simply applied
by installing and turning on a UV lamp. In this regard, UV lamps are often installed in the ceilings of
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surgery rooms in hospitals and health care facilities and function to inactivate nearby bioaerosols
[10]. Of note, germicidal UV light allows the inactivation of both drug-sensitive and multi-drugresistant bacteria [11], as well as different viral strains [12]. However, the widespread use of
germicidal UV lighting systems in public space has been very limited because conventional UV light
sources are a human health hazard as well [13].
To date, one of the most promising technologies for environmental disinfection is photocatalysis
(or UV photocatalytic oxidation (PCO)), which is one of the most important advanced oxidation
technologies available [14]. PCO has many advantages over the other technologies, including the
simultaneous treatment of mixtures of diverse pollutants, relatively low costs, and ease of operation
and maintenance [1,15,16].
1. UV-activated photocatalysis: working principle
Photocatalysis using semiconductor (SC) has been proven to effectively degrade a vast array of
pollutants. Although the detailed mechanism of photocatalysis varies with different pollutants, it is
commonly agreed that the primary reactions responsible for the photocatalytic effect are interfacial
red-ox reactions of electrons and holes that are generated when the SC catalyst is exposed to light
of sufficient energy (Figure 1A). It is well known that a SC is characterized by a band energetic
structure, with a band gap between the lower valence band (VB), entirely filled with electrons, and
the unoccupied, higher energetic conduction band (CB). The adsorption of a photon with sufficient
energy (h ) by the SC promotes electrons from the valence band (evb-) to the conduction band (ecb-),
leaving a positively charged hole in the valence band (hvb+) (Figure 1B). The electrons (e ) are then
free to migrate within the conduction band. The holes (h+) may be filled by the migration of an
electron from an adjacent molecule, leaving the latter with a hole, and the process may be repeated.

Figure 1. A) Schematic representation of a photoactivated antimicrobial surface. B) Band energetic structure
(i) and mechanism of photoirradiation of a SC (ii).
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Electrons and holes may recombine (bulk recombination) a non-productive reaction, or, when
reaching the surface, they react to give reactive oxygen species (ROS) such as O2- (Figure 2,
reaction 2) and OH (Figure 2, reaction 3). When in aqueous solution, these can react to give H2O2
(Figure 2, reaction 4), further hydroxyl (Figure 2, reaction 5) and hydroperoxyl (Figure 2, reaction
6) radicals. Reaction of the radicals with organic compounds ultimately results in their mineralization
(Figure 2, reaction 7), that is the degradation of organic contaminants due to their total oxidation
[17,18].
Compared to other SC photocatalysts, titanium dioxide (TiO2) is the most promising material
because of its high photoactivity behavior and stability, relatively low cost, and non-toxicity. For
these reasons, TiO2 mediated photocatalytic inactivation of a large number of organic contaminants,
including bacteria and viruses, has been extensively investigated [19–25]. Noteworthy, there are
three main polymorphs of TiO2: anatase, rutile and brookite. The majority of studies showed that
anatase was the most effective photocatalyst and that rutile was the less active form. This is
probably due to differences in the extent of recombination of electron and hole between the two
forms. However, studies have shown that mixtures of anatase and rutile were more effective
photocatalysts than 100% anatase [26]. In this context, Degussa P25 (Degussa Ltd., Germany) is a
widely used, commercially available preparation of TiO2 which contains approx. 80% anatase and
20% rutile.

Figure 2. Mechanism of photocatalytic oxidation (POC). POC is based on the interaction between light and
semiconductor particles, which produce the highly reactive oxygen species (ROS), such as OH•, OH-, O2-•,
HO2•, capable of destroying organic (chemical and biological) contaminants
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TiO2 photocatalysts generate strong oxidizing power when illuminated with UV light with
wavelengths ( ) of less than 385 nm [27]. On the other hand, doping TiO2 with C, N, S, and metals
such as Sn, Pd, and Cu has been found to

also visible

light can be used to trigger the photocatalysis [28]. Generally speaking, photocatalytic TiO2 particles
can be used in the form of i) powder, usually dispersed in aqueous solutions, ii) film/coating applied
to various substrates or iii) immobilized on surfaces [29–34].
As photocatalytic inactivation of contaminants is a synergistic bactericidal effect of UV light and
oxidative radicals generated at the TiO2-based illuminated surface, some parameters, such as light
intensity, extent of irradiation, catalyst concentration, play a role on the disinfection behavior. The
UV dose (referred to as fluence) is generally expressed as the product of UV light intensity (I) and
irradiation time (Tirr), according to Eq. 1:
UV dose = I × Tirr

(Eq. 1)

where UV dose is commonly expressed as J/cm2 = W sec/cm2.
It is worthy of note that UV dose is a key parameter when UV radiation (whether or not used in
combination with TiO2) is used as an antimicrobial mean.
2. Antibacterial effects of UV light in combination or not with TiO 2
The antimicrobial activity of UV-activated TiO2 was first demonstrated by Matsunaga and
coworkers in 1985 [35]. Since then, a substantial body of literature has addressed the antimicrobial
effects of photocatalytic TiO2 nanoparticles against both Gram negative and Gram positive bacteria.
The most relevant examples of TiO2 nanoparticles and microparticles used in the form of powder,
and typically dispersed in aqueous solutions (Table 1), or immobilized onto surfaces (Table 2) are
reported in the tables herein below.
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Table 1. Studies on the photocatalytic activity of TiO2 used as nanoparticle and microparticle suspensions against bacteria.
target

[photocatalyst]

light parameters

irradiation
time

Estimated
antibacterial efficiency

minimum UV dose

Ref.

(according to Eq. 1 )

30 min
S. choleraesuis,
V. parahaemolyticus,
L. monocytogenes

10 mg/mL
(Petri dish)

-A);
I = 0.4

mW/cm2

1 hr
1.5 hrs

0.25 - 1.25 mg/mL

-A);

(batch reactor)

I = 0.1 mW/cm2

0.025 - 1 mg/mL

I = 0.04 mW/cm2

3 hrs
4 hrs
2 hrs

I = 0.1 mW/cm2

P. aeruginosa,
E. coli

(or W sec/cm2)

100% at Tirr

[36]

0.1 J/cm 2

100% at Tirr

96 J/cm2

100% at Tirr

150 J/cm 2

[37]

30 min

S. aureus,
S. typhimurium,

0.3 J/cm 2

2 hrs

- 800 nm (Visible – IR);
E. coli

100% at Tirr

1 mg/mL

-A);
I = n.d.

1 hr
1.5 hrs

100% at Tirr

/

[38]

2 hrs
2.5 hrs
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30 min
1 hr
1.5 hrs
E. coli

1 mg/mL

- 400 nm (UV-A);
I = 0.5 mW/cm2

2 hrs
2.5 hrs

100% at Tirr

1.8 J/cm 2

[39]

3 hrs
3.5 hrs
4 hrs
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Table 2. Studies on the photocatalytic activity of TiO2-based phoreactors against bacteria.
target

E. coli

photoreactor

TiO2-coated Petri dish

M. smegmatis,

TiO2 and Pt/TiO2-coated

B. thuringiensis

glass

light parameters

= 310 - 400 nm (UV-A);
I = 0.25 mW/cm2
= 350 - 400 nm (UV-A);
I = 0.65 mW/cm2

irradiation
time

Estimated
antibacterial efficiency

minimum UV dose

Ref.

(according to Eq. 1 )

2 hrs
4 hrs

100% at Tirr

7.2 J/cm 2

[39]

99.8% at Tirr

1.1 J/cm 2

[40]

100% at Tirr

1.8 J/cm 2

[41]

518 J/cm 2

[21]

/

[22]

6 hrs
10 min
20 min
30 min
15 min

E. coli

TiO2-coated glass

-400 nm (UV-A);
I = 1 mW/cm2

30 min
1 hr
1.5 hrs

–375 nm (UV-A)
E. coli

TiO2-coated filter

–320 nm (UV-B)
-C);
I = 3.6 mW/cm 2

2 hrs
4 hrs

100% at Tirr

6 hrs

E. coli,
P. aeruginosa,
C. freundii,
S. aureus,
S. saprophyticus

5 min

TiO2-coated
cellulose acetate
monoliths

-A);
I = n.d.

10 min
15 min

100% at Tirr = 20 min

20 min

MRSA
8

1 hr
E. coli

TiO2 film

= 365 nm (UV-A);
I = n.d.

3 hrs
6 hrs

100% at Tirr

/

[42]

8 hrs
continuous annular
E. coli

= 365 nm (UV-A);

reactor with TiO2-coated

I = 0.5 mW/cm 2

filter

I = 3.4 mW/cm 2

1.1 min

100%

0.03 J/cm2
0.204 J/cm2

[24]
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Generally speaking, the UV photocatalytic inactivation of bacteria is mainly due to damage of
the cell wall, membrane, enzymes, and nucleic acids by ROS and their stable byproducts [43]. In
particular, Sunada et al. proposed a three-step mechanism for photokilling of bacteria on irradiated
TiO2-surfaces (Figure 3): i) attack of cell walls by ROS; ii) disordering of the inner cytoplasmic
membrane and killing of the cell; iii) degradation of the intracellular components [44].

Figure 3. A) Role of ROS in the photocatalytic-induced killing mechanism of bacteria. Direct oxidation of cell
components can occur when cells are in direct contact with the catalyst. Hydroxyl radicals and H2O2 are
involved close to and distant from the catalyst, respectively. B) Scheme for photocatalytic killing and
destruction of bacteria on TiO2. Contact between the cells and TiO2 may affect membrane permeability
(reversible process). This is followed by increased damage to all cell wall layers, allowing leakage of small
molecules such as ions. Damage at this stage may be irreversible, and it accompanies cell death.
Furthermore, membrane damage allows leakage of higher molecular weight components such as proteins,
which may be followed by protrusion of the cytoplasmic membrane into the surrounding medium through
degraded areas of the peptidoglycan and cell lysis. Degradation of the internal components of the cell then
occurs, followed by complete mineralization. The degradation process may occur progressively from the side
of the cell in contact with the catalyst (adapted by [45]).

By contrast, it has been shown that far-UV-C light ( = 207 - 222 nm; UV dose = 135 mJ/cm2)
efficiently inactivates drug-resistant bacteria, without apparent harm to exposed mammalian skin
[46,47]. Short-wave UV-C radiation is highly disinfectant because the light can efficiently pass
through and inactivate microorganisms as their size is typically of

or smaller. This means that

UV-C has an intensive biocidal effect and may render harmless viruses, bacteria, yeasts and fungi
within seconds. Moreover, the microorganisms cannot gain resistance to UV radiation. Based on
literature data, the radiant exposure of UV-C (i.e., UV dose) needed for complete sterilization was
usually in the order of tens to hundreds of mJ/cm2 [11,48,49].
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3. Antiviral effects of UV light in combination or not with TiO2
UV-activated photocatalysis has been found to inactivate mammalian viruses including
poliovirus 1, avian and human influenza viruses, and SARS coronavirus, as reported in Table 3.
Experimantal findings demonstrate that the photocatalysis induced by TiO2 significantly
inactivates the influenza virus by degrading viral proteins, and the degradation depends on the UVA intensity (I) and irradiation time (Tirr).
Besides, simple exposition to UV light has been reported to be an efficient way to inactivate
viruses. It has been shown that effective inactivation occurs under an environmental level of UV-A
intensity, as reported in literature [50]. Moreover, using a conventional UV-C lamp at

= 254 nm

capable of providing a UV dose of 1.1 mJ/cm2, McDevitt et al. [51] found an inactivation of ~95% of
airborne influenza virus H1N1 virus. Similar results were found by Welch D et al. [52], but in
different conditions (i.e., 30 min-exposure at far UV-C light ( = 207 - 222 nm), corresponding to a
very low dose of 2 mJ/cm2), and by Tsunetsugu-Yokota [53] (i.e., 20 min-exposition at UV-A light
intensity of 1.3 mW/cm2, corresponding to a UV dose of 1.6 J/cm2).
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Table 3. Studies on the photocatalytic activity of TiO2-based phoreactors against viruses.
target

photoreactor

light parameters

irradiation
time

Estimated
antiviral efficacy

minimum UV dose

Ref.

(according to Eq. 1 )

5 min
influenza virus

TiO2-coated porous

H1N1

ceramic substrate

-A);
I = 1 mW/cm2

10 min
15 min

100% at Tirr

0.3 J/cm 2

[19]

99.8% at Tirr

1.1 J/cm 2

[40]

100%

0.8-14.4 J/cm 2

[50]

100%

/

[42]

2.7 J/cm 2

[54]

30 min
vaccinia virus,
influenza virus
H3N3

TiO2 and Pt/TiO2-coated
glass

-400 nm (UV-A);
I = 0.65 mW/cm2
-A);

influenza virus
H1N1

I = 0.001 mW/cm2
TiO2-coated glass

I = 0.01 mW/cm2
I = 0.1

mW/cm 2

I = 1 mW/cm2
HSV-1 virus

TiO2 film

-A);
I = n.d.

10 min
20 min
30 min
2 hrs
4 hrs
6 hrs
8 hrs
6 hrs
5 min

noravirus

TiO2 photocatalytic
reactor

= 254 nm (UV-B)

10 min
15 min

100% at Tirr

20 min
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4. Conclusions
Photocatalytic inactivation of microorganisms is a synergistic bactericidal effect of light and
oxidative radicals generated by TiO2. The extent of each one varies as a function of different
physical parameters.
A positive effect was observed and depended on:
- UV light intensity (optimal range: 0.5 – 3.5 mW/cm2)
- irradiation time (optimal range: 30 min - 2 hrs)
- TiO2 concentration in solution (optimal range: 0. 5 – 1.0 mg/mL)
Other parameters which affect the photocatalytic bacterial inactivation are:
- Immobilization of catalyst onto a surface
- The crystalline form of catalyst was studied using suspended and immobilized TiO2.
In conclusion, according to the data shown in the tables herein above, UV-A-induced
photocatalysis of TiO2 or TiO2-based surface at a suitable light intensity (I) has the potential to
provide a powerful tool in the fight against transmission of infectious disease in a very short
irradiation time (Tirr) of about 30 min. As a valuable alternative, inactivation of airborne
microorganisms can be reached by using 30-min UV light irradiation time (Tirr) across the UV-C
spectrum, depending on the UV light intensity (I).

Prof. Gabriele Candiani
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