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A B S T R A C T

Photocatalysis has recently been emerged as an effective green solution for antimicrobial disinfection applica-
tions. Photocatalytic disinfection has been observed to be efficient in deactivation of extensive varieties of or-
ganisms. Numerous gram positive and gram negative bacterial strains such as Escherichia coli, Staphylococcus
aureus, Streptococcus pneumonia etc. have been studied. Similarly, fungal strains such as Aspergillus niger, Fusarium
graminearum, algal (Tetraselmis suecica, Amphidinium carterae etc.) and viral strains have also been examined in
the last decades. The present review sketches the photocatalytic mechanism and provides a brief account of
several model organisms used for the disinfection studies. It presents an overview of the major kinetic models
such as the Chick’s model, Chick-Watson model, delayed Chick- Watson model and Hom’s with modified Hom’s
model. Furthermore, it summarises the importance of operational parameters on the inactivation kinetics and
discusses the recent advances of the disinfection results by novel composites and progress in structural or
morphological improvements in conventional catalyst. The current review presents a brief overview of the state
of the art commercial products utilising photocatalytic antibacterial property. Finally, it details the major in-
ternational testing standards (ISO, JIS, CEN and ASTM) for photocatalytic antimicrobial applications.

1. Introduction

The access to fresh drinking water and sanitation is going to be an
imperative aspect for the human sustainability in the forthcoming years
[1,2]. Approximately one-sixth of the human population lacks access to
safe drinking water, which causes the death of millions of people,
especially children [3–5]. Apart from drinking water, the surge in the
death count due to healthcare associated infections (HCAIs) is be-
coming a grave concern [6–9]. A study by from World Health Organi-
zation (WHO) reported that out of 100 hospitalised patients, 7 patients
in developed countries and 10 in developing countries acquire a form of
HCAI [10]. This endemic problem has caused fatality of about a million
people last year around the globe [11,12]. The rapid transmission of the
mutant antibiotic resistant strains such as Methicillin Resistant Staphy-
lococcus aureus (MRSA) and Clostridium difficle (C. diff) through hospital
amenities and personal care products have, necessarily evolved into an
uncontrollable problem [13–16]. Therefore, the search for novel anti-
microbial materials in form of colloids or surface coatings with appre-
ciable inactivation rate and stability is a key requisite. The use of
photocatalysts as potential antimicrobial agents has been studied from

the early 1990’s. Matsunaga et al. were among the pioneers to exploit
the use of a photocatalysts titanium dioxide (TiO2) for potential in-
activation of bacteria [17]. In a similar account, several conventional
and non-conventional catalysts were also utilised and evaluated for
their antimicrobial efficiency [18–21]. Photocatalysis has been widely
exploited to overcome several environmental challenges posed in
modern society [22–26]. The use of light to cause potential degradation
and even complete demineralization is a lucrative strategy for a green
alternative [27,28]. Despite the remarkable technological advance-
ments observed in the past decade, there still exists challenges and
limitations that need to be addressed. The existing research output does
not qualify for high throughput processes. However, studies detailing
the structural and chemical modifications for optimum band gap, and
even the search for novel low band gap photocatalysts is still in progress
[29–34].

The present review aims to provide a glimpse into the basic pho-
tocatalytic mechanism and offers a brief account of several model or-
ganisms used for the disinfection studies. Moreover, the review at-
tempts to discuss the major kinetic models along with the factors
influencing the inactivation kinetics. Moreover, it discusses the recent
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advances in disinfection process by few novel composites and details
few of the structural and morphological modifications in conventional
catalysts. Finally, it highlights the testing standards generally used and
impart a summarised glance of the several commercial products uti-
lising photocatalytic antimicrobial property.

2. Fundamentals of photocatalysis

Photocatalysis was first discovered over 90 years ago, however it
only obtained significant interest only after the discovery of photo-
catalytic splitting of water by Fujishima and Honda in 1972 [35–39].
Since then, extensive studies into photocatalysis and improving the
efficiency of photocatalysts has been performed [36].

Light is used to initiate the photocatalysis by bombarding photons
on the surface of the photocatalyst [36,40]. Irradiation of light with
compatible wavelength (greater than the band gap of the photocatalytic
material) on the photocatalytic surface excites the electrons (e−) from
the conduction band of the photocatalyst, see Fig. 1 [38,40,41]. When
the e− leaves the valence band and is absorbed onto the conduction
band (e−CB), a positive hole is formed on valence band (h+VB) (Eq. (1) and
Fig. 1) [41–44].

+ → ++ −hv h ePhotocatalyst VB CB (1)

In the conduction band (e−CB), the e− reacts with oxygen (%O2) and it
leads to the formation of superoxide radicals (%O2

−), or hydroperoxide
radicals (%HO2) (Fig. 1 and Eq. (2)) [42,45,46]. The pollutants are
photodegraded by the ROS into water (H2O) and carbon dioxide (CO2)
[47,48]. Further degradation can occur by using the superoxide radicals
[49]. Simultaneously, at the positive hole (h+VB) the oxidation of water
takes place [42]. The oxidation reaction generates hydroxyl radicals
(OH) and hydrogen ions (H+) (Eq. (3)) [42]. H2O and CO2 are formed
when the pollutants react with the hydroxyl radicals.

+ →− ° −e O OCB 2 2 (2)

+ → ++ ° +h H O OH HVB 2 (3)

While the exact mechanism of photocatalysis may vary slightly
depending on the materials used and the pollutants being examined, the
technology generally follows a redox reaction of electrons and holes
[51–54]. Fig. 2 shows the possible pathways taken during photo-
catalysis inside and on the surface of TiO2. The photocatalysis process
begins on the surface of a semiconductor when photons are absorbed
[50,51,54–58]. The electrons from the valence band (VB) become ‘ex-
cited’ from these photon to the conduction band (CB) when the energy

is higher than that of the band gap. The photocatalytic reaction is
shown in Fig. 1 while Fig. 2 shows the time scale that this reaction
occurs. Spectroscopic analysis, such as transient absorption (TA) spec-
troscopy, transient diffuse reflectance (TDR) spectroscopy, and time-
resolved microwave conductivity (TMRC) measurements can be used to
detect photogenerated charge carriers [54,55,59–70]. These instru-
ments use the fact that electron-hole pairs absorb light in the visible and
near IR regions and free electrons absorbs light in the IR or microwave
regions [54,60,71–76].

Serpone et al. examined TA analysis for TiO2 sols that had been
‘excited’ by 30-ps-width UV laser [61]. Based on the spectra from a
30 ps laser pulse, they concluded the time for trapping electrons and
holes should take approx. ≤ 1–10 ps [61]. In 2001, Yang et al. ex-
amined TiO2 nanoparticles using femtosecond TA spectroscopy and
proposed that hole trapping takes ∼50 fs and electron trapping takes
∼260 fs [54,77]. They found that the time from inside the TiO2 na-
noparticle to the surface was 40 times quicker for the hole than the
electron [54,77]. The transient adsorption of TiO2 nanoporous film
between 400 and 2500 nm was studied by Yoshihara et al. [60]. They
studied a TiO2 film that had been dipped into N2-saturated deuterated
water that had been ‘excited’ by low intensity pulse laser. This allowed
less than one electron-hole pair to be generated per particle. This al-
lowed the study to be performed closed to real photocatalytic condi-
tions [54,60]. They found that it had a recombination rate is ca. 1 ms
[60]. This is a much slower rate than previous studies (10 ns) that used
high power laser pulses [23,54,69,70,76]. However, this result is si-
milar to those gained from Peiro et al. and Yamakata et al. [55,78].
Later, Tamaki et al. studied nanoporous TiO2 films for the electron-hole
trapping [79,80]. They found that it took 100 fs to generate trapped
electrons-holes that were shallow in depth, while it took 150 fs and
200 fs for deeply trapped electrons and holes, respectively [79,80].
Tamaki et al. stated that it took 100 ps for trapped holes to go from
shallow to deep traps and that it took the electrons 500 ps to go from
the shallow traps to the deep traps. They concluded that the electrons-
holes should be trapped and not free charge carriers [54,79,80].

Yamakata et al. used time-resolved infrared absorption to examine
the decay of free electrons prompted by water and oxygen environ-
ments [67]. They found with P25 TiO2, the oxygen captured the elec-
trons and there was increase of the decay rate of 10–100 μs, while in
less than 2 μs there was a reaction between the water vapour and the
holes [54,67]. Furube et al. examined the charge recombination ki-
netics for Pt/TiO2 and found that on top of finding the normal charge
recombination there was a new decay component (a few ps) when

Fig. 1. Photocatalytic Mechanism.
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exited at 390 nm. They found that the higher amount of Pt present, the
more it effected the migration of electrons [67]. They determined the
migration of the electrons between TiO2 and Pt caused the increase in
the decay process [54,67]. Iwata et al. also examined the decay process
with Pt-TiO2. As with Furube et al., Iwata et al. also stated that the
electrons are transferring from TiO2 and Pt and the found the decay rate
of 2.3 ps [66]. They propose that a small portion of the electrons remain
on TiO2 as there is still signal present after some time (100 s of ps)
[54,66].

Fujishima and Zhang proposed three points based on the research
examined. Firstly, they speculated that the recombination during pho-
tocatalysis is a slow process as a result of efficient charge trapping [54].
Secondly, they speculated that the charge transfer process competes
with charge recombination [54]. Finally, they concluded that it can
take μs to ms for photocatalysis to occur once the electron-hole pair
created. This suggests that under low-intensity UV irradiation
(1 mW cm−2, ∼1015 photons s−1 cm−2), the electron-hole pair are
generated and has already gone through reaction or charge re-
combination before a photon is absorbed by the photocatalyst [54].

Recent studies have examined the ability of a photocatalyst to utilise
visible light or natural light [38]. There has also been increasing in-
vestigations into non-titania photocatalysts [38,81–88]. Most of these
were first examined for photocatalytic water splitting but have now
been examined for a number of other applications such as water/air
treatment [38]. Due to the vast volume of studies examining photo-
catalysts, they have been divided into two categories; oxide photo-
catalysts and non-oxide photocatalysts (Fig. 3). How the valance and
conduction bands are affected by the change in pH is one of the major
differences between the two categories [38,81–83].

Using two photocatalysts to form heterojunctions has also been
examined in recent years [38]. The e− are transferred between the two

photocatalysts, this reduces or stops recombination [38]. This increases
the charge separation and affects the rate of photodegradation [38,89].

It has been reported that the rate of photocatalytic degradation is
completely depended on surface coverage of the photocatalyst by the
contaminates being examined [90,91]. This applies to the photo-
catalytic inactivation of micro-organisms. In order to have an effective
rate of photoinactivation the micro-organisms must have surface in-
teractions with the photocatalyst [91]. The reactive oxygen species
(ROS) generated during photocatalysis will first damage the cell wall of
the micro-organisms [91,92]. The ROS first breaks down the lipopoly-
saccharide layer of the cell wall; this then leads to the attack of the
peptidoglycan layer, peroxidation of the lipid membrane and oxidation
on the proteins membrane [91,92]. The damage to these layers causes
the potassium ions from the bacterial cells to leak, which affects the cell
viability. This leakage leads to the loss of crucial cell functions and
ultimately cell death [91,92].

3. Structure of microorganisms

Photocatalysis has been utilised as a vital tool in developing po-
tential disinfection strategies against several hostile microorganisms
[93]. There exists numerous bacteria, viruses, fungi, protozoa etc. in a
water source [94,95]. These microorganisms existing in the water
source are very complex in nature. Hence it is very important to un-
derstand the microbial morphology, which can render information to
enable photocatalytic advances for disinfection applications [96–98].

3.1. Bacteria

Bacteria are single-celled, prokaryotic organisms which can flourish
in various and sometimes harsh conditions such as in a desert, inside

Fig. 2. Steps of the TiO2 photocatalysis process [50,51]. Rep-
rinted with permission of Etacheri et al. Full details are given in
the respective publication.
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soil or in the sea [99–103]. The bacterial body has very minimalistic
organelles devoid of any compartments, which support the basic
functions [104–106]. The nuclear material has no definitive boundaries
and thus floats in the cytoplasm [107,108]. There exist different types
of bacteria and they are classified based on two aspects, their shape and
the constituent of the cell wall [109]. According to the cellular wall
composition the bacteria are classified as Gram-positive and Gram-ne-
gative bacteria (Fig. 4) [110–112]. The purple gram stain on the cell
walls of the bacteria signifies the presence of single peptidoglycan
polymer layer, which accounts for about 80% of the cell wall compo-
sition and the rest accounts for fats and lipid. These bacteria are known
as gram-positive bacteria; they have a classical cell wall thickness of
20–80 nm. They do not have the lipopolysaccharide layer but have a
single layer of phospholipid. The gram-negative bacteria emit a red
stain and their cell wall has only 10% of peptidoglycan. These bacterial
cells are made up of 2 layers of phospholipid and a layer of lipopoly-
saccharide. These cell wall layers promote selective permeability in
many cases [113,114]. Bacteria are the most common model organism
studied to understand the disinfection mechanism and to evaluate the
photocatalytic efficiency of the composite [87–89].

3.2. Fungi

Fungi are eukaryotic cells with the complex cellular organisation
[115]. The fungal cells have compartmentalised organelles (mi-
tochondria, Golgi apparatus etc.) which are responsible for normal
cellular function [116]. The fungi have rigid cell walls made up of
polysaccharides called chitin (Fig. 5) [117,118]. The complex cell wall
structure helps them to survive in extremely harsh conditions
[119–121].

3.3. Viruses

Viruses are unicellular organisms that are smaller than the bacteria,
which fail to thrive in the absence of host material [123–125]. The

capsid, a protein chain that provides protection from extremely harsh
environments and they also act as a site for binding into the host body
[126,127]. Viruses attach onto the host cell’s surface by recognising
these binding receptors and inserting its genetic material inside the host
body [128–131]. Thus the cell surface receptor site of any host and the
binding site of the viruses are the key element for the entry route of
these viruses [132]. The manipulation of the structure of the binding
site can deactivate the growth of the viruses. Photocatalytic disinfection
can prove to be an effective tool to destruct these binding sites by the
ROS production.

3.4. Algae

Algae are a complex group of organisms [133,134]. They exist in
different sizes, from micron size to few meters in length, as in the case
of seaweeds [135–137]. The lack of roots and vascular tubes make them
distinct from plants [138–140]. Apart from the beneficial effect of algae
for CO2 fixation, the extensive growth of microalgae leads to the pro-
duction of toxins and results in harmful consequences for the marine
life and humans [141,142]. This effect is widely known as the algal
boom and considered as a major concern for water treatment plants
[143–145].

4. Photocatalytic disinfection mechanisms of microorganisms

The understanding of the bacterial inactivation process is important
to underlay the effective development of novel composites for photo-
catalytic disinfection mechanisms [146,147]. Matsunaga et al. were the
first to demonstrate the light induced inactivation process and proposed
that the degradation of Coenzyme A by potential ROS generated in the
reaction process as the likely mechanism for bactericidal activity. The
denaturation of the enzyme resulted in possible inhibition of respiratory
activity, which further led to the cause of death [17]. However, re-
searchers soon found that the cell death was prompted by the disrup-
tion of the cell wall membrane. Leakage of potassium ions and the

Fig. 3. The band gaps of non-oxide photocatalysts
(left) and oxide photocatalysts at a pH of 7 (right).
Reprinted with permission of Waldmann et al. Full
details are given in the respective publication
[38,81–83].

Fig. 4. Schematic diagram illustrating the difference
in the bacterial cell wall composition.
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subsequent flow of cellular components such as RNA and protein re-
sulted in complete destruction of these cells. Saito et al. were among the
first to confront these results, the Transmission Electron Microscopy
(TEM) images illustrated the complete destruction of these cells [148].
Kikuchi et al. evaluated the role of the ROS in the reaction process, by
the addition of hydroxyl radical scavenger. It was observed that the
bactericidal activity was reduced by the addition of the scavenger but
the activity did not cease. The authors proposed that the presence of the
more reactive hydrogen peroxide as the reason of continued bacter-
icidal activity. Hence the antimicrobial activity is a cooperative effect of
all the ROS intermediates formed in the reaction process [149]. Ad-
vances in defining the plausible mechanism for photocatalytic disin-
fection of microbes led researchers to understand the reasons for the
destruction of the cell wall. Jacoby et al. finally found the evidence of
complete mineralisation of the damaged cells. The Scanning Electron
Microscopy (SEM) micrographs were used to observe the disappearing
colonies of bacteria and 14C radioisotope labelling was used to analyse
the carbon content [150]. Manes et al. found that the peroxidation of
the phospholipid component of the cellular wall due to the potential
ROS attack leads to its disruption [151]. Furthermore, Sokmen et al.
quantified the lipid peroxidation by quantifying the formation of Mal-
ondialdehyde. The by-products of lipid peroxidation were reported at a
very early stage. It was found that the continuous irradiation resulted in
complete degradation of Malondialdehyde into simpler products like

Carbon Dioxide (CO2) and water (H2O) [152]. The formations of these
by-products were monitored by Gas chromatography mass spectro-
metry (GC/MS) [153]. Later Kiwi et al. investigated the peroxidation
mechanism of the bacterial cell wall on the TiO2 surface. The cell wall
destruction mechanism was monitored by Fourier Transform Infrared
spectroscopy with an Attenuated Total Reflection accessory (FTIR-
ATR). The h+ formed in the reaction process competes with the oxi-
dation of the lipid polysaccharide layer or the recombination reaction
of h+ and e−, the authors claims this as the first step towards the
complete disintegration process [154].

Remy et al. investigated the bacterial targets and assessed the bac-
terial cultivability along with its cell wall integrity under dark and
visible light irradiation. The authors found that the titania particles
exhibited potential bactericidal behaviour way before the light irra-
diation. The increase in titania content decreased the bacterial cells
cultivability. The particles caused damage to cell wall integrity which
further contributed to the increased bactericidal nature. On the other
hand, the cell wall permeability was not affected in the presence of
silica nanoparticles. The electrostatic charge difference between the
particles and the cell wall was found to be the prime reason. In a more
deeper understanding, the RNA and the DNA of the bacterial cells were
found to be the bacterial targets of the oxidative attacks induced by the
ROS generated during the photocatalytic disinfection mechanism
[155]. Wang et al. investigated the dominant ROS responsible for the

Fig. 5. Electron micrograph of the fungal cell wall (C. albicans),
with carbohydrate-rich layers of the fungal cell wall, highlighted:
mannan (mannosylated proteins), β-glucan and chitin. Reprinted
with permission of Hardison et al. Full details are given in the
respective publication [122].

Fig. 6. Schematic representation of antibacterial mechanism of Ag–ZnO nanocomposite. Reprinted with permission of Matai et al. Full details are given in the respective publication
[157].
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visible light induced disinfection mechanism against E. coli using B and
Ni co-doped titania microspheres. The hydrogen peroxide (H2O2) gen-
erated in the system was identified to be the most predominant species.
The hydroxyl radical present in the bulk solution and on the surface of
the catalyst contributed to the H2O2 production [156]. Matai et al.
studied the antibacterial mechanism of Ag-ZnO composite and effec-
tively defined plausible routes of inactivation (Fig. 6).

The first route depicted is the direct interaction of the composite
with the bacterial cell. This could happen by the surface oxidation
which will result in the dissolution of the Ag and Zn ions. The possible
interaction might also be attained by direct contact of the composite
particles with the bacterial cell wall by electrostatic interaction. The
second possible method is by the disruption of the bacterial cell wall by
potential ions or attack by the ROS generated. The third way of in-
activation is the alteration/inhibition of the DNA replication by the
interaction of the ions or the ROS with sugar-phosphate groups causing
gene alteration, thus altering the protein expression responsible for
cellular functioning. Finally, the potential disruption of the membrane
leads to the release of the intracellular materials, which eventually
leads to cell lysis [157]. Table 1 provides a summarised glimpse of the
mechanisms defined to access the antimicrobial behaviour of the pho-
tocatalyst.

5. Kinetics

5.1. Photocatalytic kinetics

Chemical kinetics is essential in understanding the rate and the
factors influencing the chemical process to attain equilibrium at any
given amount of time [158]. A rise in interest over heterogeneous
photocatalysis has ensued to several reports on different kinetic models
[159].

5.1.1. Langmuir-Hinshelwood (L-H model)
Photocatalysis as a heterogeneous catalysis was always explained

using the classical L-H model [56,160,161]. It is based on the as-
sumptions that the adsorption of the reactants occurs on the catalyst
surface [23,56]. The reaction proceeds between the adsorbed species
and later the products desorb from the surface [56]. Herman et al. in a
significant contribution have tried to explain several myths related to
photocatalysis and he also explained this model in a more generalised
approach, taking into the account to the several changes made to this
model to result into a modified L-H model [158,162,163]. In a bimo-
lecular reaction;

A + B→ C + D (4)

The rate of the chemical process is proportional to the surface
coverage (Ɵ) of the reactant

=r kθ θA B (5)

Where the coverage Ɵi varies as;

=
+
K X

K X
θ

1i
i i

i i (6)

Where Ki → adsorption constant (in dark), Xi → concentration in liquid
phase or partial pressure Pi in gas phase

Hence Eq. (5) becomes;

=
+ +

r kK K X X
K X K X(1 )(1 )

A B A B

A A B B (7)

k→ true rate constant
Generally, one of the two reactants for example A would have high

concentration and the other reactant B shall have low concentration.
Therefore, the change in concentration of A remains constant, since its
small consumption makes negligible change in concentration
[158,163].

Therefore, Eq. (5) reduces to

= ′r k θB (8)

[where K′= KϴA]
k’→ pseudo true rate constant

⇒ =
′

+
r k K X

K X(1 )
B B

B B (9)

(as shown in Fig. 7)
Hence,
If; X = Xmax ⇒ ϴB = 1
Therefore, Eq. (9) reduces to r= k′
Or if; < < ⇒ = ≈+X K XX θmax B

K X
K X B B(1 )
B B

B B
Therefore, Eq. (9) reduces to

= ′ =r k K X k XB B App B (10)

kApp → Apparent first order constant

5.1.2. Direct-indirect model (D-I model)
Satoca et al. introduced an alternative kinetic approach, the

“Direct–Indirect” (D–I) model [164]. The model proposes several major

Table 1
Summarised analysis of the plausible mechanisms defined in recent years.

Mechanism Defined Reference

Degradation of Coenzyme A Matsunaga et al. [17]
Disruption of the cell wall membrane observed in TEM images Saito et al. [148]
Production of H2O2 Kikuchi et al. [149]
SEM micrographs and C14labelling to illustrate the disappearing colonies Jacoby et al. [150]
Peroxidation of the phospholipid component of the cellular wall Manes et al. [151]
Quantified the lipid peroxidation by measuring the Malondialdehyde formed Sokmen et al. [153]
Defined the toxic nature of the nanoparticles and found the nuclear material as the potential targets of the bactericidal function. Remy et al. [155]
Identified the influential ROS species and found hydroxyl radicals as a prominent contributor Wang et al. [156]

Fig. 7. Langmuir- Hinshelwood model. Variation of photocatalytic kinetics (r) in due
influence of the catalyst concentration (X).
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concepts on direct, indirect, adiabatic and inelastic interfacial transfer
of charge, which further establishes a physical meaning to the kinetic
parameters involved. The L-H model discusses the kinetics of the re-
action in an equilibrated adsorption/desorption of reactants on the
surface of the semiconductor material under a constant illumination.
Moreover, it also fails to establish a meaningful relationship between
the incoming radiant flux (Φ) and the reactant concentration (X).
However, the present model furnishes a functional dependence of the
photooxidation rate (r) on the experimental parameters (photon flux
and pollutant concentration).

The rate of photooxidation depends on all the interfacial charge
transfer and the reaction between the conduction band electrons with
the dissolved O2 to form potential reactive species, is certainly the rate
determining step amongst all of them [165]. However, the discussion
stumbles upon the debate on the participation of photogenerated va-
lence band holes (hf+) in a direct reaction (DT) with organic substrate
or transfer via an indirect transfer (IT) mechanism by utilising hydroxyl
radicals (surface trapped holes hs+). The brief number of possible
routes of direct and indirect transfer is:

+ → ++ +h X X H[ ] [ ]*f aq aq aq (11)

Photogenerated holes reacting with reactants in the aqueous solu-
tion (not absorbed on the catalyst surface).

+ → ++ +h X X H[ ] [ ]*f s s aq (12)

Photogenerated holes reacting with reactants absorbed on the cat-
alyst surface.

+ → ++ +h X X H[ ] [ ]*s aq aq aq (13)

Surface trapped holes reacting with reactants in the aqueous solu-
tion (not absorbed on the catalyst surface).

+ → ++ +h X X H[ ] [ ]*s s s aq (14)

Surface trapped holes reacting with reactants absorbed on the cat-
alyst surface.

When the organic molecules are not adsorbed on the catalyst sur-
face, the hole transfer between the reactants in the aqueous solution
occurs adiabatically. Marcus developed a Fluctuating Energy Level
Model which defines this transfer mechanism and later Gerischer in-
terpreted it on the semiconductor electrolyte interface [166–168]. This
model helps in predicting a hole transfer rate constant (koxadb)

∝ ⎡
⎣⎢

− − ⎤
⎦⎥

k exp E E
λkT

( )
4ox

adb red s
2

(15)

Where, Es → Energy of the surface trapped holes, Ered → The most
probable energy of the occupied energy levels of reactants in the aqu-
eous solution, λ → The reorganisation energy (between 0.5–1.0 eV).

However, under strong interaction which increases the competitive
adsorption between the reactant molecules and the water molecules. In
such case, the hole transfer mechanism is not adiabatic but inelastic and
is not governed by this model anymore. Thus the modified rate constant
(koxins) is;

∝k σ ĉox
ins (16)

Where, σ→ Hole capture cross-section of filled surface states,
ĉ → Thermal velocity of free hole.

The direct transfer mechanism of holes is largely predominated than
indirect mechanism, but on the other hand indirect mechanism is the
only transfer process available in the absence of specific adsorption.

The L-H model is based on the equilibrated adsorption of the re-
actants, hence in a Langmuir type adsorption isotherm the relationship
between the concentration of dissolved and adsorbed species is given
as;

=
+

X
ab X

a X
[ ]

[ ]
1 [ ]s

aq

aq (17)

Where, a → adsorption constant, b → desorption constant.
However, in this model the author’s utilises Ollis et al. idea of non-

equilibrated adsorption of the reactants. Ollis proposes a pseudo-
steady-state analysis for reaction, in the event of tampered ad-
sorption–desorption equilibrium under illumination conditions. In this
case, the adsorbed species are attacked by the photogenerated valence
band free holes through an inelastic direct transfer process [158]. So
according to pseudo-steady-state approach proposed by Ollis, the sur-
face coverage (ϴA) of a reactant say A, assuming that = 0d

dt
θA , then;

= − − − =−
+d

dt
X k k k hθ [ ] (1 θ ) θ [ ]θ 0A

aq A A ox
d

f A1 1 (18)

Where, k1 and k-1 are the adsorption and the desorption constant, thus
Eq. (17) reduces to
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Thus, Eq. (19) defines that the concentration of the reactant ad-
sorbed on the catalyst surface decreases with the increasing radiant flux
[169]. Apart from this D-T model, there were several other improve-
ments suggested but none turned out to be influential as both these
models [170–174]. Salvador et al. strongly suggested that the formation
of free hydroxyl radicals only by the reaction of dissolved O2 with
electron and dismissed the notion of earlier models of their participa-
tion of photogenerated holes. Mills et al. in a more recent review de-
scribes effectively the contradiction to this same argument and provides
a summarised outlook of all such recent approaches. Hence, the dis-
cussion of kinetics revolves around the formation of hydroxyl radicals,
their possible route of formation and above all their impact on reactant
surface [164,172,175].

5.2. Disinfection kinetic models

The kinetic modelling of any chemical reaction aids in under-
standing the key elements responsible for the reaction [176–178]. The
photocatalytic disinfection process is a very complex phenomenon. It
involves multiple factors for example pH of the sample, different cat-
alyst loading, irradiation intensity, turbidity, the temperature of the
reaction mixture and most importantly the complex structure of the
microorganism [179,180]. The presence of different strains of micro-
organisms, various target organs inside their body and finally the mi-
neralisation of the target component are among the few key factors
governing the kinetic process. The model helps to simplify the com-
plicated reaction phases into simpler mathematical expression
[181,182]. The kinetic models portray survival curves, a graphical il-
lustration signifying the semilog plot of inactivation on contact time.
The variation in the shape of the survival curves plays a crucial factor in
the assessment of the mechanism of microbial inactivation [183]. Fig. 8
shows the different survival curves observed in general. Curve (a) in
Fig. 8 exhibits a first order kinetics of inactivation, which illustrates the
exponential death of microbes with time. Curve (b) in Fig. 8 displays an
exponential disinfection but shows a shoulder initially, which implies
the delay in diffusion of the disinfectant molecules to the sites of action.
Curve (c) in Fig. 8 shows a curve of a shoulder and a tailing off, while
Curve (d) is only limited by having a tailing off sequence at the end of
the curve. The presence of several families of microbes in the sample
with varying degree of resistance causes a decrease in the rate of in-
activation, which results in the tailing off nature [179,183–186].

The kinetic inactivation models are derived based on the following
assumptions:(a) uniform distribution of microorganisms and the disin-
fectant molecules. (b) constant pH, temperature and the concentration
of the catalyst (disinfectant). (c) adequate mixing to evade liquid
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diffusion as a potential limiting agent in the chemical reaction [179].
There exist four common kinetic models; (1) Chick’s model, (2) Chick-
Watson model, (3) Delayed Chick-Watson model, (4) Hom model. The
general expression of the differential rate law used by these kinetic
models is as (Eq. (20)) [179,183–186];

= − −dN
dt

KmN C tx n m 1
(20)

Where; dN
dt

= Rate of inactivation, N = Number of survivors at contact
time t, K = Reaction rate constant, C = Concentration of the disin-
fectant, m, n, x = Empirical constants.

5.2.1. Chick’s model
Chick’s paper on “The laws of disinfection” in 1908 compared the

bacterial inactivation to a chemical reaction, where individual bacteria
was considered as molecules [187].

+ →xN nC S dead microorganisms( )
K1

(21)

The rate of reaction for the following reaction is given as [188];

= −dN
dt

K N C dead microorganisms( )x n S
1 (22)

Here x and n = 1 and considering the reaction is irreversible, thus
S = 0. Hence Eq. (22) results in

= −dN
dt

K N*
(23)

Where K* is considered as the pseudo first order rate constant where
K* = K1C. Thus Eq. (23) is the generalised rate law expression of
Chick’s law. It states that the rate of inactivation is proportional to the
number of surviving microbes at a constant disinfectant concentration
(Fig. 8(a)).

Integration of Eq. (23) results in;

= −ln N
N

K T*
0 (24)

Where N0 = Initial microbial population.
In a more recent assessment, Danae and Dionissios explain the im-

portance of the true order of this kinetic model [178]. The authors
explain that the reaction parameters such as temperature, catalyst

concentration etc. are accounted as a constant termed as pseudo- first
order constant. Hence, at different N0 values, but a constant experi-
mental setup should render constant K* value. If the value remains
constant, then indeed it could be termed as a first order constant. The
authors also explained the importance of ROS concentration in the re-
action mixture. The ROS in the reaction mixture is a predominant factor
governing the rate of disinfection; hence the ‘N’ value cannot alone be
considered as an exclusive factor. The excess of ROS will potentially
cause quicker disinfection and display a first order kinetics, meanwhile,
a low ROS concentration will turn into a potential limiting agent in the
disinfection process. Therefore, ROS in the disinfection process is cer-
tainly a principal factor governing the kinetics of the process. Moreover,
the ROS produced in the reaction depends on the constant experimental
factors Thus the experimental parameters are the true controller of the
disinfection kinetics [179,189,190].

5.2.2. Chick-Watson model
The Chick’s law assumes first-order kinetics and in most instances,

the microbial inactivation does not follow this assumption. Watson in
the same year modified the chick’s law by incorporating the con-
centration-time product which considers the effect of varying con-
centration of disinfectant (Eq. (25))[187]

=K C Tn (25)

Where ‘K’ is a constant for a microbe and a set of conditions. ‘n’ is a
constant and ‘T’ is the time required to attain a certain activation point.
An n value less than 1 signifies the increased importance of the contact
time, more than the disinfectant concentration. The addition of Wat-
son’s function in Chick’s law results in a Chick-Watson pseudo first
order rate law as [187,191]:

= −dN
dt

KNCn
(26)

Where K is the first order rate constant. Integration of the above ex-
pression results in (Fig. 8 (a)) [187,191].

= −ln N
N

KC Tn

0 (27)

= −N
N

e KC T

0

n

(28)

Fig. 8. Survival curves observed for different kinetic models used in the
photocatalytic disinfection. Curve (a) first order kinetics of inactivation,
illustrates the exponential death of microbes with time, Curve (b) ex-
ponential disinfection but with a shoulder initially, Curve (c) curve with a
shoulder and a tailing off, and Curve (d) curve with a tailing off sequence
at the end. Reprinted with permission of Marugan et al. Full details are
given in the respective publication [188].
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5.2.3. Delayed Chick-Watson model
The simplified nature of the Chick-Watson model makes it equitable

in most studies. However, the Chick-Watson model has its own pitfalls,
it assumes that the microbes are of single strain and the inactivation
occurs on a single hit and at a single spot. It shows neither the initial
shoulder (lag phase) nor the tailing off nature. The delayed Chick-
Watson model introduces a time lag parameter to overcome the
shoulder observed in the disinfection process (Fig. 8(b)) [192–195].

= ⎧
⎨⎩

≤

>−
N
N

T T

e T T

1,

,
lag

KC T
lag0

n
(29)

5.2.4. Hom’s and modified Hom’s model
The delayed Chick-Watson model can represent the shoulder or the

tailing off at a time but the concurrent presence of both cannot be ex-
pressed using this model. The Hom’s disinfection model proposed in
1972 provides a generalised expression for the time-concentration
product. It is very similar to the Chick-Watson model, an addition of a
power factor m for time is observed. When m= 1, the equation reduces
to the Chick- Watson model, m > 1 results in the appearance of the
initial shoulder in the curves, while m < 1 lead to the appearance of
the tailing off (Fig. 8 (c)). Hence the Hom’s model also does not allow
the occurrence of both the initial lag and the tailing off in the curve at
the same time [188,196,197].

= −ln N
N

KC Tn m

0 (30)

Thereafter a modification is introduced in the Hom’s model which
allows the presence of the initial lag, the log- linear phase and the
tailing off at the end of the curve. The modified Hom’s model is as
(Fig. 8(d)) [188,196,197]:

= − − −ln N
N

K K T[1 exp( )]K

0
1 2 3

(31)

Where K1, K2, K3 are the empirical constants in this model.
In a more recent study by Marugan et al. the authors evaluate the

photocatalytic disinfection of E. coli using a simplified kinetic model
having 3 parameters; kinetic constant (k), pseudo adsorption constant
(K) and inhibition coefficient (n). This model takes into account of the 3
different phases (the initial lag phase, log-linear phase and the tailing
off nature) in the survival curve [198].

Thus, the bacterial cell reduction is expressed as a function of the
log of the relative cell population and the function of time. The re-
duction parameter defines the decrease of the levels of microbes in the
samples by factors of 10, which is easily converted into percentage (%)
expression. Hence a 1-log reduction signifies a death of 90%, 2-log
reduction indicates a death of 99% and 3-log reduction implies a death
of 99.9% of the microbes [199].

6. Factors influencing the disinfection mechanism

There exist several reports detailing the impact of the operational
parameters (Fig. 9) of the disinfection mechanism but on a noteworthy
contribution, Rincon et al. were among the first researchers to study the
effect of these factors on the inactivation process [200–204].

6.1. pH and catalyst loading

The effect of pH in the photocatalytic process is crucial [205]. The
change in the pH value modulates the effective charge of the reaction
mixture. The industrial waste water streams has very extreme pH levels
and hence variations of the disinfection activity in different pH values
need to be cognisant of this. The surface charge of the catalyst and its
microbial cell wall is dependent on the overall pH of the system.

Moreover, the arrangement of the band structure and the size of the
catalyst aggregates depend on this operating parameter. The surface
charge of the catalyst or the disinfectant and the pH has a defined
correlation. The pH value at which the surface charge of the catalyst
surface is zero (point of zero charge) is known as the isoelectric point.
Understanding of the operational parameters and the plausible disin-
fection mechanism is governed by this isoelectric point and the pH of
the disinfection mixture. The positive surface charge of the catalyst
attracts to the negatively charged cell wall structure of the microbes.
This subsequently increases the disinfection process. Watts et al. found
that the bactericidal property remained unaltered between the pH of 5
and 8 [199]. But conversely, Herrera et al. observed that the rate of
disinfection process was improved in TiO2 based system at pH 5 [206].
Improved activity was observed in the presence of TiO2 and not just by
acidification of the cells. There also exist several reports illustrating the
non-dependence of pH in the disinfection process [194].

Catalyst loading is another important operating parameter of con-
cern. It has been observed in several studies that the disinfection pro-
cess improves with an increase in the catalyst concentration. However,
it rapidly reaches a saturation limit, where the rate of the reaction re-
mains constant even with the increase in the catalyst concentration. The
increase in the catalyst concentration eventually leads to turbidity and
hinders the absorption of the incoming radiation. Studies have been
performed to optimise the mass of the catalyst required for the specific
disinfection process, to avoid excess usage [207–211].

6.2. Irradiation length and intensity

There exist several reports, elucidating the difference in the in-
activation activity in the absence and presence of disinfectant and ad-
ditionally in the exposure of with or without irradiation exposure
[212–214]. Rincon et al. also studied the influence of irradiation time
and intensity for bacterial inactivation in the presence and absence of
light. In the absence of titania, the samples were irradiated for different
time intervals [202]. Bacterial inactivation occurred as long as the ir-
radiation continued but the viability numbers soon reached to initial
values, when they were placed in the dark. The same set of samples was
evaluated in presence of titania and was irradiated for different time
interval. The inactivation was effective and remained constant even in
dark. It was observed that a continuous irradiation without any inter-
ruption allowed the complete disinfection but an interrupted irradia-
tion reduced the bactericidal activity. It is understood that the self-
defence mechanisms of the bacteria help them to recover. The bacterial
cell generates superoxide dismutase (SOD) enzyme as a defensive me-
chanism to cope with the disproportionate amount of ROS inside the
cell and reduces the oxidative stress. Howbeit, the ROS eventually
generated in the presence of the catalyst on due irradiation of light is
significantly high which ultimately leads to complete bacterial disin-
fection. The results obtained from this study are quite contradictory to
other results available. It was observed that the intermittent illumina-
tion increased the bacterial inactivation. Hence, the influence of con-
tinuous and intermittent irradiation depends on the type of micro-
organism [215]. Similarly, Li et al. also observed no bactericidal
activity in the E.coli samples in absence of any disinfectant and the rate
of photocatalytic inactivation reduced as the samples with catalyst
loaded were placed in the dark [216].

In a photocatalytic reaction, the irradiation intensity (ϕ) is un-
doubtedly a major parameter of concern [217]. The catalyst surface on
being illuminated renders active sites for ROS production which further
initiates the inactivation process. Higher irradiation results in increased
ROS production, but in addition to the intensity of the irradiation, the
surface area of the disinfectant are also a factor in the effective rate of
ROS production. In a UV active semiconductor material for example
TiO2 the disinfection profile is limited (with a higher disinfection time)
when irradiated with sunlight, as it only constitutes 4% of UV compo-
nent. In such cases, the surface area of the irradiant is crucial. Studies
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revealed an increase in the irradiation intensity enhances the effective
bacterial disinfection and the inactivation continued even in dark. This
residual effect is attributed to the significant quantity of ROS produced.
This linear dependence of inactivation with the irradiation intensity (ϕ)
was later modified and changed into square root dependency. Malato
et al. explained the change in the dependency using the following
elaborate derivation; the disinfection activity occurs in 3 definite stages
[218]:

+ ⎯→⎯ +− +Photocatalyst e hh

1. Formation of electron/hole pairs;

ϑ
Kf

(32)

+ ⎯→⎯− +e h Energy

2. Recombination of this pairs and;
KR

(33)

+ ⎯→⎯ + ++h Reactant O H Energy

3. Oxidation of the reactant;

C O
K

2 2
o

(34)

In n-type photocatalysts, like Titania, the holes are found to be
limited compared to the electrons (photogenerated electrons and the n-
type electrons) and hence these holes turn out to be the limiting agent.

At any instant, the rate of the reaction (r):

=r K h Reactant[ ]0 (35)

and

= − − =d h
dt

K φ K e h K h Reactant[ ] [ ][ ] [ ] 0f R o (36)

Therefore, for high ϕ values, the electron and holes generated shall
have the same value and so,

=e h h[ ][ ] [ ] ,2 (37)

Thus the above equation reduces to:

= +K φ K e h K h Reactant[ ][ ] [ ]f R o (38)

Furthermore ≫K h K h Reactant[ ] [ ] .R o
2 Similarly, for low ϕ values

≪K h K h[ ] [ ]R o
2 .

Hence the summarised description of the effect of the change in the
ϕ values is:

For high ϕ values;

≈ → ≈K φ K h h K φ[ ] [ ]f R ap
2 0.5 (39)

=r K K φ Reactantap0
0.5 (40)

For low ϕ values;

≈ → ≈ ′K φ K h Reactant h K φ[ ] [ ]f o ap (41)

= ′r K φReactanti.e. ap (42)

At very high ϕ values,

=r f φ( )0 (43)

In this case, the photocatalytic process depends on the mass transfer
rather on the incoming irradiation and hence the rate of the reaction
remains constant with the increase in the intensity of the radiation. This
is attributed to several factors such as the saturation of the reactive sites
on the catalyst surface, the absence of potential oxidizers or because of
the presence of any unwanted organic molecules.

6.3. Temperature and turbidity

In a photocatalytic disinfection system, the temperature is not an
essential factor. However, in general the photocatalytic disinfection
rate decreases with the increase in operational temperature [219].
Though there exist several kinds of literature studying the effect of
temperature in the inactivation process. Studies on the effect of tem-
perature on the disinfection process are very contradictory. The thermal
energy imparted to the system is not sufficient enough to overcome the
band gap barrier. The trivial quantity of heat energy present in the
disinfection mixture is employed in the activation process of the re-
actant on the catalyst surface. The activation energy required by the
reactants increases at a low operational temperature and remains
moderately effective in a medium temperature between 20–80 °C. In
contrast, when the temperature of the system starts to increase beyond
80 °C, the adsorption of the reactants on the catalyst surface becomes
deferred and increases the recombination of the charged carriers
[20,218,219]. Contrary to this, there are few reports contradicting this
very analysis. The authors found that increasing the temperature re-
duced the time for complete inactivation as the increased temperature
amplified the collision frequency of the molecules and resulted in an
improved reaction rate [194,220]. Overall, in photocatalytic disinfec-
tion the use of sunlight could be justified as the potential source of light
and heat, this makes the process an effective alternative to the existing
water treatment strategies, which consumes a fair share of energy in the
heating process.

Turbidity is another key factor which affects the decontamination
process. The presence of small insoluble sub-particles for example clay,
planktons and microorganisms is the cause of the turbidity. The turbid
water results in the attenuation of incoming light and the absorption
level varies significantly. It was observed that an increased level of

Fig. 9. The operational factors influencing the disinfection
mechanism.
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turbidity in the water sample decreases the photocatalytic inactivation
rate. The increased particulate level diminishes the ability of the in-
coming irradiation to breach through the turbid water. Moreover, the
catalyst added lead to aggregation, which reduces the disinfection ac-
tivity and the heat captivated in the system stimulates the bacterial
growth [200,221,222].

7. Recent advances in photocatalytic disinfection

The disinfection property of various model organisms has been
studied extensively using several classes of nanomaterials. Many of
these materials do not compose required optical potential to necessarily
initiate the inactivation process. However, in due course of time, the
chemical and morphological modifications of these materials have been
explored and resolved this limitation. The present section aims to
provide a summary of the recent advances in photocatalytic anti-
microbial studies in past few years and provides a brief description of
those work.

7.1. TiO2 based composites

Apart from doping of metal and non-metals in titania, composites
were also explored with other materials such as C70 (Fullerene), qua-
ternary oxides etc. Etacheri et al. reported the formation of carbon-
doped anatase-brookite titania nano-heterojunction. The prepared
composites were studied by the inactivation of the strains of S. aureus.
The fabricated composite exhibited exceptional antibacterial efficiency.
The carbon doping in the composite resulted in the introduction of a
mid-level band gap, which served as the cause for the narrowing down
of the band gap of the entire composite. Moreover, the carbon dopant
increased the charge separation within the composite matrix (Fig. 10)
[223].

Ouyang et al. fabricated a composite of C70 and TiO2 and studied the
bactericidal activity of the prepared composite on irradiation of visible
light. The disinfection rate of E. coli tripled in this composite compared
to TiO2 due to the significant production of hydroxyl radicals [224]. A
photoreactor device was created which consists of open-cell foam
comprising a dopant metal, a dopant non-metal, titanium, and oxygen.
The high surface area foam is utilised for E. coli disinfection and the low
back pressure supports the dynamic flow applications [225]. Hu et al.
fabricated of AgI/TiO2 composites and evaluated the biocidal action on
E. coli and S. aureus. The complete destruction of the cell membrane was
observed in the TEM images and the degradation products of the bac-
teria were identified by FTIR [226]. The same group also reported the
AgBr/TiO2 composites and evaluated the biocidal action on E. coli and

S. aureus [227]. Reddy et al. reported the formation of Ag-TiO2 com-
posite with Hydroxyapatite. The appreciable photocatalytic behaviour
of Hydroxyapatite, the bactericidal nature of Ag and the improved
disinfection ability of the Ag-TiO2 resulted in a total bacterial disin-
fection of the strains of E. coli within 2 min of irradiation [228]. Ti-
tania/carbon nanotube heterojunction was formed by Akhavan et al.
and studied the inactivation of E. coli under visible light irradiation. The
Ti–C and Ti–OeC carbonaceous bonds formed effectively contributed to
the effective visible light absorption and eventually contributed to the
enhanced disinfection [229]. Lately, Koli et al. investigated the bac-
terial disinfection efficiency of TiO2/MWCNT (Multi-walled carbon
nanotube) composite against the strains of E. coli and S. aureus under
visible light irradiation. The composite showed improved disinfection
compared to the TiO2 samples because of the effective charge separa-
tion imposed due to the MWCNT [230]. TiO2/Ag3PO4 heterostructure
composite was investigated for fungal disinfection against the strains of
F. graminearum. The composite prepared introduced efficient charge
separation and increased the visible light absorption property. The
fungal strains were effectively inactivated within 100 min of irradia-
tion. The Equivalent Series Resistance (ESR) measurements identified
the hydroxyl radicals as the major reactive oxygen species [231].
Akhavan and Ghaderilt prepared nanocomposites of TiO2 and reduced
graphene oxide which exhibited improved bactericidal efficiency under
solar light. The improved activity was attributed to the electron sink or
the electron acceptor ability of the reduced graphene oxide which ef-
fectively introduced charge separation and delayed the recombination
rate [232]. Later, Liu et al. reported the formation of graphene oxi-
de–TiO2 nanorod composites, which exhibited improved E. coli in-
activation compared to that of the titania nanorods. The improved ef-
ficiency was attributed to the cooperative effect of the two-dimensional
graphene sheets deposited on the high surface area of titania nanorods
[233]. In a similar attempt, Gao et al. also studied the bacterial in-
activation of the strains of E.coli using the titania-graphene composite
under visible light illumination. The graphene oxide was prepared
using the Hummer’s method and the composite exhibited improved
inactivation compared to their parent constituents [234]. In 2015,
Ibanez et al. studied the inactivation of the same composite using two
different strains of bacteria (E. coli and F. solani) and compared the
results with P25 (Standard TiO2 nanoparticles with mixed anatase and
rutile phase). The composites illustrated rapid disinfection compared to
the inactivation results of P25 and the improved efficacy was attributed
to the formation of singlet oxygen in the reaction mixture [235]. The
same group in a very recent study elaborates the plausible disinfection
mechanism by altering the irradiation parameter and usage of several
ROS scavengers. The hydroxyl radical, singlet oxygen and hydrogen

Fig. 10. Schematic illustration of the antibacterial mechanism using
carbon-doped anatase-brookite heterojunctions. Reprinted with per-
mission of Etacheri et al., American Chemical Society. Full details are
given in the respective publication [223].
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peroxide were the major ROS generated, under visible light irradiation,
but however, the singlet oxygen was found to be the dominant ROS
[236]. Table 2 below provides a summarised glance of few reports on
TiO2 based composites against inactivation of the bacterial strains of E.
coli.

Titania based visible light active coatings are also reported widely in
past few years, however few reports do stand out from the crowd. In
such an effort, Bai et al. reported the fabrication of transparent nano-
titania coatings with enhanced antimicrobial potential (A. niger). The
coating utilised polyhydroxy fullerene (PHF) as an enhancer for nano
TiO2 photocatalysis [237]. Rtimi et al. reported a pioneering result of
Cu/TiO2 sputtered films for bacterial inactivation. The films exhibited
excellent bactericidal property even in dark. The presence of Cu ions
has gradually improved the inactivation process even in low visible
light irradiation. The authors monitor the copper leaching and found
the levels only at ppb, which is cytotoxically safe according to human
standards [238]. The same group studied the photocatalytic effect of
bactericidal nature of Cu-doped TiO2−ZrO2 by magnetron sputtering.
The inactivation enhanced up to 3 folds in case of Cu doped composite
compared to bare titania and zirconia even at an extremely low copper
content (0.01–0.02 wt%). The antibacterial property is prominent be-
cause of the strong affinity between the phosphate and the thiol group
in the negatively charged bacterial cell wall with copper (a strong
electron donor) [239]. Similarly, Wang et al. lately reported the for-
mation of 2-D titania thin films with memory of photocatalytic activ-
ities. Upon irradiation, photogenerated electrons were produced and
stored in the thin film matrix which further participated in the bacterial
inactivation process in the dark (Fig. 11) [240]. Apart from titania thin

films, antimicrobial activity of titania nanotubes have also been re-
ported. Carroll et al. investigated the bactericidal nature of the nano-
tubes against the strains of E. coli, S. aureus. The tubes showed im-
proved inactivation (Log-2) compared to P25 under 24 h of UV
irradiation. The surface hydroxyl radicals were observed to be the key
participant in the inactivation process, which subsequently embarked
the importance of the high aspect ratio of the nanotube [241]. In the
series of doping studies, metal dopants have always been a vital can-
didate. Many fresh studies utilising metal dopants have emerged in past
years but few of them stood out from the crowd. He et al. reported the
deposition of Au nanoparticles over ZnO by photoreduction technique.
A small molar% of Au enhanced the antibacterial effects by many folds.
The enhanced levels of ROS produced in the disinfection process con-
tributed to the bactericidal behaviour of the material [242]. In a similar
context, Fisher and co-workers reported a Molybdenum doped titania
structures which effectively inactivated brewery microorganisms. This
hybrid structure showed 5- log of bacterial and 1-log of fungal in-
activations. Moreover, it also exhibited dual nature of photocatalytic
and antimicrobial property, since the composite caused inactivation
even in dark [243]. Few reports of novel composites have also emerged
in past couple of years, but the sections above had already detailed
many such examples. However, few of the recent reports is briefly
discussed in this section. TiO2(Eu)/CuO nanocomposite was fabricated
and studied for the bactericidal property against E. faecium. The report
illustrated a selective photoactive disinfection against E. faecium. The
selective binding of the CuO nanoparticles on the bacterial surface is
considered to be the plausible reason behind the inactivation process
[244]. Boron and Cerium doped titania was reported by Wang et al. and
evaluated the antimicrobial efficiency against the strains of S. aureus.
The co-doping contributed to a synergistic bactericidal property [245].
Similarly Fan et al. reported the development of Fe and N co-doped
titania samples. These novel composites also demonstrated improved
bactericidal behaviour over cotton fabrics. This study evidently de-
monstrated the self-cleaning and the antimicrobial activity of these
composites for commercial applications [246]. Similarly Raut et al. also
reported the fabrication of chitosan-TiO2:Cu nanocomposite for bio-
medical applications. The resulted composite exhibited a 200% en-
hanced inactivation of bacterial strains of E. coli and S. aureus, com-
pared to chitosan only inactivation samples. The plausible mechanism
of the disinfection process is illustrated in Fig. 12 [247].

A ternary composite of titania nanocrystals, carbon dots and re-
duced graphene oxide was fabricated and evaluated for their photo-
catalytic disinfection ability. The electron storage ability of the gra-
phene reduced the formation of superoxide radicals in the binary
composites of TiO2 and graphene. The addition of carbon dots im-
proved the charge separation and contributed to the delayed re-
combination ability, which consequently resulted in improved

Table 2
Summarised results of few TiO2 based binary composites against inactivation of the
bacterial strains of E. coli.

Binary TiO2

base
composite

Light source Inactivation
time (in h)

Disinfection
results

Ref

C70/TiO2 Visible light 2 73% Ouyang
et al. [224]

AgI/TiO2 Visible light
[2.8 mW/
cm2]

1 7.8 log Hu et al.
[226]

AgBr/TiO2 Visible light
[2.8 mW/
cm2]

0.6 3.2 log Lan et al.
[227]

CNT/TiO2 Visible light
[110 W/m2]

1 99.8% Akhavan
et al. [229]

GO/TiO2 Simulated
sunlight
[100 W/m2]

0.5 8.2 log Liu et al.
[233]

Fig. 11. Schematic illustration of the antibacterial me-
chanism on the titania nanosheets. Reprinted with the per-
mission of Wang et al. Full details are given in the respective
publication [240].
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bactericidal efficiency (Fig. 13) [248]. Similarly, a novel composite film
of P/Ag/Ag2O/Ag3PO4/TiO2 was reported for bacterial inactivation.
The film exhibited 100% sterilisation within 5 min of irradiation.
Photogenerated holes and superoxide radicals were found to be the
active reactive oxygen species responsible for the appreciable efficacy
[249].

7.2. Magnetic composites

The recyclability and the recovery of the catalysts has always been
the challenging factor [250]. The fabrication of magnetic photo-
catalysts has resolved this issue up to a certain extent. The magnetic
core accelerates the disinfection rate and helps in quick retrieval. The
metal ions (Fe/Ni etc.) cause leaching from the composite which ne-
cessarily tamper the bacterial cell wall. Moreover, these metal ions
fasten the inter charge transfer within the composite structure and
subsequently delays the recombination rate and effectively contributes
to the enhanced inactivation kinetics [251]. The use of these magnetic
photocatalysts for light induced microbial disinfection is very limited.
Rana and Rawat et al. synthesised composites of nickel ferrite with ti-
tania which has appreciable magnetic and photocatalytic property. The
magnetic core helps in the easy recovery of the catalyst and the titania
shell emanates its photocatalytic behaviour. The composite derived

showed an efficient antibacterial effect against the strains of E. coli
[252,253]. In a more recent effort Wai et al. fabricated a magnetic
composite of Fe2O3-AgBr and studied its bactericidal efficiency. The as
prepared composites showed improved antibacterial effect under high
temperature and alkaline pH [254]. Chen et al. fabricated a hybrid
ternary composite of Ce/N co-doped TiO2/NiFe2O4/diatomite. The
hybrid catalyst features multifunctional purposes. The presence of
diatomite increases the adsorption pattern and the Ce/N co-doped TiO2

escalates the visible light absorption behaviour. Moreover, the presence
of NiFe2O4 aids the magnetic recyclability of the catalyst. The compo-
site exhibited ferromagnetic nature and thus can be easily separated
using an external magnet, which subsequently improves the recycl-
ability efficiency of the catalyst (Fig. 14(a)). The scavenger study
helped in detecting the predominant ROS (superoxide radical) re-
sponsible for the bacterial inactivation of the strains of E. coli and define
a plausible mechanism (Fig. 14(b)) [255].

7.3. Bismuth-based composites

The search for visible light active heterogeneous photocatalysts led
researchers to stumble upon several new classes of compounds [256].
Bismuth-based composites are among such new class of materials pos-
sessing appreciable narrow band gap and thus illustrating improved

Fig. 12. Illustration of the plausible mechanism of antimicrobial
activity in the presence of nanocomposite. Reprinted with per-
mission of Raut et al. Full details are given in the respective
publication [247].

Fig. 13. Schematic illustration of the plausible disinfection mechanism
using the ternary composite of TiO2, carbon dots on reduced graphene
oxide. Reprinted with permission of Zeng et al.. Full details are given in
the respective publication [248].
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visible light absorption compared to the conventional photocatalysts
such as TiO2 and ZnO [257,258]. The photocatalytic bacterial in-
activation ability of Bi2WO6 and its composites of Ag were studied by
Ren et al.[259] The inactivation of the bacterial strains by Bi2WO6

followed a first order kinetics and the TEM images illustrated the
complete destruction of the bacterial cells [260]. On the other hand, the
Ag composites also illustrated enhanced bactericidal nature due to the
synergistic effect between the noble metal and the semiconductor ma-
terial [261]. In a more profound effort, a new composite of Ag-
Br−Ag−Bi2WO6 was developed and the bactericidal nature of the
composites was studied under visible light irradiation (Fig. 15). The
resulted composite showed efficient inactivation compared to the other

binary composites. The bacterial cell destruction was observed in the
TEM images and validated again by the release of the potassium ions
[262]. In a more notable contribution, Alfaro and co-workers have
studied the algal disinfection effect using different metal oxides. Binary
oxides for example Bi2MoO6, Bi2WO6 and Bi2W2O9 were evaluated for
their photocatalytic efficiency. The combined effect of the UV radiation
and the photocatalysts showed the disinfection of algae A. carterae
within 30 min and T. suecica in 60 min [263].

Qin et al. reported Nanospheres of bismuth oxides and investigated
for the bacterial inactivation of S. aureus and E. coli. The Nanospheres
caused significant inactivation under visible light irradiation [264].
Wang et al. reported the formation of a novel visible light active

Fig. 14. (a) Catalyst solution before and after separation (b)
Photocatalytic mechanism of producing potential ROS. Reprinted with
permission of Chen et al. Full details are given in the respective
publication [255].

Fig. 15. Fluorescence microscopic images of (A)
Only AgBr-Ag-Bi2WO6 nanojunction, (B) The mix-
ture of photocatalyst and E. coli K-12 before irra-
diation, and after irradiation by VL for (C) 1, (D) 2,
(E) 5, and (F) 10 min. Reprinted with permission of
Zhang et al. AMERICAN CHEMICAL SOCIETY. Full
details are given in the respective publication [262].
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photocatalyst, monoclinic dibismuth tetraoxide (m-Bi2O4) with a
narrow band gap of 2 eV. The composite was further exploited for its
potential bactericidal nature and showed complete inactivation within
120 min of visible light irradiation. The Mott-Schottky plots from the
impedance measurement found the hydroxyl radicals as the major ROS
responsible for the different photocatalytic disinfection mechanism
[265]. Bismuth Oxyhalide has been an interesting choice of material for
visible light photocatalysis. The layered tetragonal matlockite structure
of BiOX (X = Cl, Br, I), characterised by [Bi2O2]2+ slabs interweaved
by double slabs of halogen atoms contributes to the narrow band gap
nature. Wu et al. reported the formation of BiOBr nanosheets using
facile co-precipitation method and illustrated a remarkable rate of in-
activation of the strains of E. coli under visible light irradiation [266].
Similarly, Jamil et al. also reported the formation of Bismuth Oxyiodide
using a facile hydrothermal technique and exhibited improved micro-
bial inactivation results. The composites were prepared with two dis-
tinct types of solvent (ethylene glycol and distilled water) which re-
sulted in different morphologies and also differed in the effective
surface area of the composite. The inactivation results of the samples
prepared with ethylene glycol showed enhanced inactivation results
(complete inactivation within 45 min of irradiation) compared to the
Bismuth samples prepared in distilled water [267]. Long et al. fabri-
cated a hierarchical structure of Bismuth Oxyiodide using a facile co-
precipitation method and studied the bactericidal nature of the material
against the strains of B. subtilis and Pseudoalteromonas. The hierarchical
property of the structure contributed to the increased surface area and
also delayed the recombination rate which helped in the bacterial in-
activation of up to 2-log of inactivation under 60 min of irradiation
[268]. Liang et al. reported the formation of Ti-doped BiOI micro-
spheres using the one-pot solvothermal method and studied the in-
activation of E. coli and S. aureus under visible light irradiation. The
titania loading determined the formation of the microspheres, an op-
timum doping amount results in the hierarchical structure which

enhances the rate of disinfection by widening the composite bandgap.
Whilst, increasing the TiO2 doping amount results in the deposition of
amorphous titania and this restricts the growth of microspheres [269].
In a more recent study, 3D hierarchical microsphere of BiOI/BiOBr was
prepared by a facile hydrothermal technique and the resulted compo-
site exhibited improved bactericidal nature compared to bare BiOI and
BiOBr under visible light irradiation. The formation of effective het-
erostructure contributed to the effective charge separation that ne-
cessarily sufficed the improved bactericidal behaviour of the composite
[270]. Bismuth vanadate is a potential photocatalytic material but
however, the poor visible light absorption is a crucial factor which
needs to be addressed [271]. It exists in two crystal form; monoclinic
and tetragonal. The monoclinic structure has a comparatively low band
gap of 2.4 eV, while the tetragonal samples have a wide band gap of
2.9 eV [272]. Wang et al. fabricated Bismuth vanadate nanotubes and
investigated the bactericidal property of the strains of E. coli. The na-
notubes exhibited remarkable inactivation and the holes were found to
be the major ROS in the inactivation process [273]. BiOI/BiVO4 p–n
heterojunction composite was fabricated by Xiang et al. using a facile
co-precipitation method and studied the inactivation of P. aeruginosa
under visible light irradiation. 30% BiOI/BiVO4 samples were found to
be the optimum doping composite efficient for the inactivation process.
The scavenger experiments helped to identify the hydroxyl radicals and
the holes as the potential ROS in the disinfection mechanism [274].
Adan et al. studied the bacterial inactivation efficiency of different
samples of BiVO4 with different doping amounts of Er3+ and Y3+. All
the bismuth samples showed a 3-log inactivation under UV and visible
light irradiation. However, the metal doped composites showed im-
proved results compared to commercial TiO2 samples [275]. Booshehri
et al. studied the disinfection of E. coli, E. faecalis and spores of F. solani
using Ag modified Bismuth vanadate upon sunlight irradiation. The
authors studied the inactivation of the composites at different silver
loadings. 15 wt.% Ag composites were found to be the optimum

Fig. 16. E. coli colonies on an agar plate in the presence of
blank, fresh BiVO4, BiVO4/Ag+, and used BiVO4/Ag+ under
visible light irradiation for 60 min. Reprinted with permission
of Huang et al. Full details are given in the respective pub-
lication [276].
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candidate. Moreover, the evaluation of these composites for secondary
effluent from the wastewater treatment plant was performed. The re-
sults were found to be effective at a catalyst dosage of 1 g/L for all the
microorganisms, solar reactors etc. The study also comments on the
influence of the presence of inorganic and organic ions in the effluent. It
was observed that the inactivation was not affected in the presence of
carbonate and bicarbonate ions but the rate decelerated in the presence
of organic ions. As discussed earlier, the presence of organic ions in-
creases the competition for ROS with the microbial targets [24]. In
another study, Huang et al. studied the bacterial disinfection using
BiVO4 and a combination of Ag+/BiVO4. The viability of the bacterial
cells was observed to be unaltered when exposed to BiVO4 under visible
light irradiation. However, the Ag+/BiVO4 samples caused disinfec-
tion>99% within 15 min of irradiation (Fig. 16). This indicated that
the disinfection was achieved only due to the Ag ions and not due to the
photocatalytic mechanism of the composite [276].

Apart from these composites, there are several other reports of novel
composites of Bismuth [277–279].

7.4. Novel composites

2D nanomaterials is a fresh domain of interest within the gaggle of
researchers. The investigations on graphene and its composite for dis-
infection studies appears to be very promising. Graphene, the favourite
among the 2D class of materials has been explored to its utmost [280].
Graphene has zero potential band gaps and so the use of this material
craftily has led to the formation of composites with improved photo-
catalytic activities. Xia et al. studied the bacterial inactivation me-
chanisms by graphene sheets grafted with plasmonic Ag/AgX (X = Cl,
Br, I) composite under visible light irradiation. The composite prepared
demonstrated an improved inactivation rate and the bacteriostatic
property was attributed to the formation of ROS such as H2O2 in the
disinfection mixture and to the bactericidal property of the Ag ions. The
graphene sheets delayed the recombination rate by providing necessary
charge separation [281]. In a recent study, Khadgi et al. reported the
formation of ZnFe2O4 co-modified with Ag and rGO. The E. coli strains
of bacteria were inactivated within 60 min of visible light irradiation
and it showed an efficiency of more than 7-log. The SEM images of the

destructed bacterial remains are illustrated in Fig. 17. The scavenging
experiments determined H2O2 as the main ROS species channelling the
inactivation process [282].

More recently Liu et al. demonstrated the use of vertically aligned
2D MoS2 thin films for light induced water disinfection process. The
band gap of the layered MoS2 sheets was increased but it helped in the
formation of potential ROS. The bacterial inactivation was enhanced
many folds compared to bulk MoS2. The authors claimed to improve the
disinfection rate by incorporating Cu film, which increased the charge
separation within the layered structure and enhanced the rate of ROS
production [283]. Similarly, Rtimi et al. demonstrated visibly active
transparent thin films of Fe– phosphate polyethylene for bacterial in-
activation. The authors found that the transparent thin film turned
superhydrophilic under sunlight irradiation, which subsequently de-
creased the time duration for complete bacterial mineralisation from 60
to 30 min [284].

8. Commercial applications of antimicrobial photocatalysts

The rise in semiconductor photochemistry industries in the past
decade is an unimpeded phenomenon after the pioneering work done
by Honda and Fujishima [285]. The water splitting reaction eventually
resulted in an exponential growth in green energy research for hy-
drogen production [286,287]. Studies exploring the use of photo-
catalysts led to the understanding of the light induced antibacterial
phenomenon and photosterilisation. The commercial use of semi-
conductor photocatalyst initiated from the use of titania thin films as
potential super hydrophilicity property. The thin film upon UV light
irradiation generates charge carriers. These photogenerated carriers
have the ability to recombine or participate in the chemical reaction on
the surface. The electrons created causes reduction of the Ti4+ to Ti3+

species and a simultaneous oxidation of O2− to O2 is initiated by the
photogenerated holes. This oxidation process creates oxygen vacancies,
which are the site of attraction for the hydroxyl radicals. The increase in
the formation of the oxygen vacancies enhances the potential to attract
O2 which effectively contribute to the hydrophilic nature. The sche-
matic illustration of the photoinduced hydrophilicity is given in Fig. 18
[288,289].

Fig. 17. SEM images of E. coli (a) before the addition
of the nanocomposite, at the time (b) 0 min, (c)
30 min, and (d) 60 min. Reprinted with permission
of Khadgi et al. Full details are given in the re-
spective publication [282].
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However, the hydrophilicity behaviour is only evident under light
irradiation. Although in a later study, the addition of silica or silica-
based compounds enhanced the hydrophilicity even in the dark
[290,291]. This property has caused its commercialisation of titania
thin film coatings for self-cleaning antibacterial and antifogging appli-
cations (Fig. 19).

These coatings are widely used in several commercial products for
example kitchen tiles, roof tiles, window shades etc.[292] Apart from
titania coatings as potential self-sanitising and self-cleaning property,
there exist several commercial products using metal dopants like Cu
and Ag to improve the existing efficiency. The use of these typical
coatings serves a multipurpose activity they preserve the aesthetic at-
tribute of the roof tiles or any other external products and furthermore
increase the durability of the product [293]. The Table 3 lists few of the
industrial ventures and products available in the market utilising an-
timicrobial photocatalytic material for a wide range of applications.

Apart from titania, an inventory of silver based photocatalytic an-
timicrobial products are also widely reported [292]. The wide use of
these photocatalytic materials in different applications explains the rise
in this industry. Therefore, rationale design of photocatalytic materials
could finally help in serving multipurpose applications out from a
specific product.

9. Recommended testing methods

The rise in the use and production of antibacterial commercial
products in market is self-evident, which has necessarily persuaded
researchers to set clear global testing models [302]. Presently, there
does not exist a standard method to determine the efficacy of these
products. However, several industrial standards as outlined by ISO,
ASTM and JIS which are used vividly to measure the competence of the
fabricated product. Predefined standards help industries to meet the
requirements of the customers and enable them to validate the effec-
tiveness of the designed technique.

9.1. ISO standards

Different ISO standards that have widely been used for quality as-
surance testing include;

1. ISO 27447: 2009, ‘Test method for antibacterial activity of semi-
conducting photocatalytic materials’

2. ISO 27448: 2009, ‘Test method for self-cleaning performance of
semiconductor photocatalytic materials − measurement of water
contact angle’

3. ISO 10678: 2010, ‘Determination of photocatalytic activity of sur-
faces in an aqueous medium by degradation of methylene blue’

4. ISO 10676: 2010, ‘Test method for water purification performance
of semiconductor photocatalytic materials by measurement of
forming ability of active oxygen’

5. ISO 10677: 2011, ‘Ultraviolet light source for testing semi-
conducting photocatalytic materials’

All the above-mentioned testing standards have their own scopes as
well as limitations. The present section shall discuss the ISO 27447:
2009‘Test method for antibacterial activity of semiconducting photo-
catalytic materials’ in detail.

This ISO is the standard testing technique to evaluate the anti-
bacterial activity of photocatalytic materials as surface coatings.
However, this methodology does not include any powder, granules or
porous materials. Hence the present ISO technique is based on the
disinfection of surface based thin film photocatalytic coatings and does
not account the disinfection of air and water. In this method, there exist
2 prime routes of analysis (1) The glass adhesion method (2) The film
adhesion method [288,303].

Fig. 18. Schematic illustration of the photoinduced hydrophilicity beha-
viour. Reprinted with permission of Banerjee et al. Full details are given in
the respective publication [288].

Fig. 19. Schematic illustration of the photocatalytic self-cleaning activity performed on
coatings. Reprinted with permission of Banerjee et al. Full details are given in the re-
spective publication [288].
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9.1.1. Glass adhesion method
This analysis method is recommended for the assessment of the

antibacterial properties of fibre materials. The bacterial strains used for
this assessment are S. aureus and K. pneumonia. A stock of parent strain
is incubated and utilised within a week (Inoculation A). 20 mL of nu-
trient broth is prepared by the strains from inoculation A and further
transferred to a 100 mL erlenmeyer flask. The resulted solution is agi-
tated for 18–24 h at 110 rpm min−1 with an amplitude of 3 cm
(Inoculation B). At the end, 0.4 mL of the inoculate B is utilised to form
a 20 mL nutrient broth in a 100 mL Erlenmeyer flask, which is later
incubated with agitation (Inoculation C). A 1/20’th dilution of in-
oculation C is utilised for the testing purpose. The cell density of the
final testing aliquot is of 105 cells/mL. Moreover, a 50 × 50 mm test
piece sample of 10 mm thickness is also prepared. Nine uncoated and 6
coated samples with photocatalysts are used for the tests [303].

The photocatalytic fabric material does not require any pre-treat-
ment. The sample for evaluation is autoclaved initially and then in-
oculated with 0.2 mL of bacterial suspension as prepared as mentioned
earlier using a sterile pipette. Subsequently, the test sample is placed
inside the test chamber (Fig. 20) and covered with a glass to control the
required levels of moisture inside the chamber. An adhesive glass of
transparency greater than 85% for UV is suspended over a U-shaped
glass rod placed over the filter paper. Furthermore, the sample is irra-
diated with a black light blue (BLB) fluorescent lamp and the intensity
of the incoming irradiation is altered using perforated metal sheets. The
antibacterial efficiency of the test samples is calculated utilising an
antibacterial activity value [RL]. The RL value is optimised by counting
the presence of viable bacterial cells post illumination period (8 h) over
the photocatalytic samples (CL) and the non-photocatalytic samples
(BL). Hence RL value is calculated as: [303]

=R log B
CL

L

L (44)

In addition, the viable cells present over the photocatalytic samples
(CD) and non-photocatalytic samples (BD) under dark exposure after 8 h
are measured. The overall photocatalytic antibacterial activity is cal-
culated as [303]

= −ΔR log B
C

log B
C

L

L

D

D (45)

The use of the glass adhesion method for antimicrobial efficiency
testing has been reported in the past literature [305]. Sadowski et al.
studied the bactericidal property of titania films on organic polymers.
The antimicrobial efficiency of the coating was validated by using the
glass adhesion test and on irradiation of visible light [306].

9.1.2. Film adhesion method
This assessment criteria is recommended for flat surface material

with photocatalytic coatings. The bacterial strains used in this assess-
ment are S. aureus and E. coli. In this method, a stock of parent strain is
inoculated in a nutrient agar culture medium and incubated for 16–24 h
at 37 °C. The resulted inoculation is utilised to prepare test samples
after dilution to obtain a cell count of 105 cells/mL. In this technique,
the same experimental steps are followed as the glass adhesion method
and the antibacterial efficiency is also calculated in a similar method.
The assessment procedure is briefly explained in Fig. 21. The sample
used in this case is a TiO2/cordierite foam [303,307].

There are several reported studies utilising this standard technique
to evaluate the antibacterial efficiency of the fabricated material
[308–310]. Ishiguro et al. studied the microbial inactivation efficiency
of TiO2 coated glass over Qβ andT4 bacteriophages, using the film
adhesion technique. The disarray of the protein layers is the plausible
reason for viral inactivation rather the degradation of the viral RNA

Table 3
Industrial ventures and products utilising antimicrobial photocatalytic material.

Company Details Product name Product description Reference

TIPE Technologies Incorporation VLD antibacterial photocatalytic
coatings

Disinfection ability of the strains of bacteria and viruses and their mutants like MRSA,
H1N1 etc.

[294]

Evonik Industries Aeroxide TiO2 Used in photocatalytic concretes, urban pavements, roof tiles etc. [295]
Taiyo Kogyo Corporation NEDO modified material Membrane with antiviral and antibacterial response to indoor lighting [296]
Green Earth nanoscience

Incorporation
TiO2 coating Coatings with the self-cleaning and self-sanitising property. [297]

Nano Land Global Nano Photocatalyst coating A titania self-sanitising and self-cleaning coatings [298]
Agrob Buchtal HT coating for ceramic tiles Antimicrobial titania based composite coating [299]
NanoMagic MAGIC IQ COAT+ A TiO2 based coating applied over a wide range of surface such as plastic, ceramic, fabric

etc. The coating renders protection, against odour, microbes etc.
[300]

KASTUS Technologies KASTUS glass and ceramics Invisible, adherent TiO2 coating which inactivates microbes under indoor light irradiation. [301]

Fig. 20. Experimental setup for anti-microbial testing (1) lid, (2) petri
dish, (3) adhesive film, (4) test samples with inoculated bacteria (5) U-
shaped glass rod or tube and (6) moist filter paper [304].
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[311]. Krysa et al. conducted an assessment of the antibacterial effi-
ciency experiments of TiO2 thin films and discussed the relevance of all
the conditions of the ISO standards. The authors calibrated the stan-
dards based on their laboratory conditions and additionally suggested
modifications to the existing protocols. Modifications included the
usage of gelatinous pills (calcium citrate + vitamins) of bacteria, and
replacing the nutrient broth with saline solution. Moreover, they also
suggested the use of selective media for bacteria suspension preparation
[312]. Viral disinfection was also studied by using titania nanoparticles
on immobilised glass plates. The authors also suggested the change in
the concentration of the bovine serum in the existing ISO procedure for
the viral inactivation process [313]. In a similar attempt, Ando et al.
evaluated the antimicrobial efficacy of a biodegradable polymer/titania
composite using a modified ISO protocols [314]. Tallosy et al. studied
the bactericidal activity of titania and Ag-doped titania coatings using
the ISO standard protocols under visible light irradiation and the
coatings exhibited improved disinfection ability [315]. In a more recent
study, Leyland et al. studied the bactericidal effect of TiO2 coatings
doped with Cu and F against the disinfection of strains of S. aureus
(ATCC 6538). The coatings fabricated illustrated more than 4 log re-
duction under visible light irradiation (Fig. 22) [304]. In another study,
Samu et al. fabricated nanoparticles of TiO2 and ZnO using a template

method and further evaluated the antibacterial property of the nano-
materials using the ISO standards [316].

Despite its usefulness, however, this standard suffers from some
limitations. The reported protocol does not work over rough and
permeable surfaces and requires the use of two different tests for a flat
surface and for fabrics. The use of two different strains for the analysis
is also not justified in the process [288,303].

9.2. Japanese industrial standard (JIS)

An industrial standard, guidelines developed by a conglomerate of
researchers, universities and manufacturers to evaluate the quantitative
efficiency of the antimicrobial products available in the market [317].
The different antimicrobial standards under this domain are [318]:

1. JIS L 1902: a testing standard to evaluate the antimicrobial efficacy
of the textile products. The JIS L 1902 provides a qualitative ana-
lysis of the test product using techniques known as ‘halo method’
“and provides quantitative estimation using two different tests
known as the ‘Absorption method’” “Printing method” [319–321].

2. JIS Z 2801 2000: a testing standard to evaluate the antimicrobial
efficacy of all other products except textiles (plastics, metal, ceramic

Fig. 21. Schematic representation of the basic protocol for
probing the antimicrobial effect using the protocols of ISO
27447: 2009. Reprinted with permission of Yao et al. Full
details are given in the respective publication [307].

Fig. 22. Schematic representation of the photocatalytic antibacterial
action. Reprinted with permission of Leyland et al. Full details are
given in the respective publication [304].
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etc.) [317,322,323].
3. JIS R 1702 2012: it is a testing standard exclusively evaluates the

photocatalytic antimicrobial efficiency of the products. The present
standard technique access the antibacterial potential of the products
containing photocatalysts and further studies the bactericidal fea-
ture of these material under UV light irradiation (300–380 nm)
[319]. The different type of tests under this standard is classified
according to the shape, use and the properties of the developed
product. However, the 2 definite techniques used are (a) Film ad-
hesion technique (b) Glass adhesion method, which are similar to
the ISO standards [319,324].

9.3. CEN and ASTM standards

The European Committee for standardisation has published various
standards to measure the efficacy of the photocatalysts for several ap-
plications.

1. CEN/TS 16980-1:2016 (WI= 00386023): A standard protocol for
measuring the photocatalytic degradation of nitric oxide in the air.

2. EN 16845-1:2017 (WI= 00386022): Procedures defined to mea-
sure the adsorbed organics and dyes on porous surface.

3. EN 16846-1:2017 (WI = 00386018): standard estimation proto-
cols for photocatalytic elimination of volatile organic compounds
and odour from the indoor air.

4. prEN 17120 (WI= 00386020): Photocatalytic water purification
protocols by measuring the phenol degradation.

However, definite protocols for photocatalytic antimicrobial mate-
rials are yet to be drafted by the organisation. Presently, the European
industries and researchers use the ISO standards to assess the efficacy of
the developed product.

The American Section of the International Association (ASTM) is the
oldest conglomerate to develop standards to evaluate the efficiency of
the fabricated products available for commercial applications. Similar
to the CEN standards, there does not exist any defined protocols for
photocatalytic antimicrobial products in this standard.

10. Conclusions and outlook

The present review is an effort to present a comprehensive outlook
of the photocatalytic antimicrobial disinfection mechanism and ki-
netics. In retrospect, despite the existence of several studies, the search
for facile, inexpensive and visible active photocatalysts is still on going.
The prevailing photocatalysts have their own limitation and the inflated
cost of production with cumbersome synthetic protocols appears to be
the challenge in the scaling up process for a commercial purpose. Apart
from the synthesis based challenges, the rise of antibiotic resistant
strains of mutant microbes is also a matter of concern. Thus far in-
dependent investigations of disinfection and inactivation of wide range
of microbes has been studied extensively. Similarly, individual studies
on the kinetic modelling of such inactivation process have also been
carried out. However, eventually the conventional theoretical kinetic
constants do not make relevance to real waste water treatment. The
operational parameters and the factors affecting such processes are
complex and require a concerted approach. Disinfection studies in-
corporating modelling data and their real waste water treatment results
would aid in the process of complete understanding of the disinfection
process. Amidst of all these apprehensions, photocatalytic solar disin-
fection is certainly an effective route for disinfection applications. The
use of visible-light-induced photocatalysts for antimicrobial studies
shows a promising feature to be worth exploited for commercial ap-
plications.
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